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I n r e c e nt y e ars,  m a c hi n e l e ar ni n g ( M L) r es e ar c h ers h a v e c h a n g e d t h eir f o c us t o w ar ds
bi ol o gi c al pr o bl e ms t h at ar e dif fi c ult t o a n al ys e  wit h st a n d ar d a p pr o a c h es. L ar g e
i niti ati v es s u c h as  T h e  C a n c er  G e n o m e  Atl as ( T C G A) h a v e all o w e d t h e us e of o mi c
d at a f or t h e tr ai ni n g of t h es e al g orit h ms. I n or d er t o st u d y t h e st at e of t h e art, t his
r e vi e w is pr o vi d e d t o c o v er t h e  m ai n  w or ks t h at h a v e us e d  M L  wit h  T C G A d at a.
Firstl y, t h e pri n ci p al dis c o v eri es  m a d e b y t h e  T C G A c o ns orti u m ar e pr es e nt e d.  O n c e
t h es e b as es h a v e b e e n est a blis h e d,  w e b e gi n  wit h t h e  m ai n o bj e cti v e of t his st u d y, t h e
i d e ntifi c ati o n a n d dis c ussi o n of t h os e  w or ks t h at h a v e us e d t h e  T C G A d at a f or t h e
tr ai ni n g of diff er e nt  M L a p pr o a c h es.  Aft er a r e vi e w of  m or e t h a n 1 0 0 diff er e nt
p a p ers, it h as b e e n p ossi bl e t o  m a k e a cl assi fi c ati o n a c c or di n g t o f oll o wi n g t hr e e
pill ars: t h e t y p e of t u m o ur, t h e t y p e of al g orit h m a n d t h e pr e di ct e d bi ol o gi c al
pr o bl e m.  O n e of t h e c o n cl usi o ns dr a w n i n t his  w or k s h o ws a hi g h d e nsit y of st u di es
b as e d o n t w o  m aj or al g orit h ms:  R a n d o m F or est a n d S u p p ort  V e ct or  M a c hi n es.
W e als o o bs er v e t h e ris e i n t h e us e of d e e p arti fi ci al n e ur al n et w or ks. It is  w ort h
e m p h asi zi n g, t h e i n cr e as e of i nt e gr ati v e  m o d els of  m ulti- o mi c d at a a n al ysis.
T h e diff er e nt bi ol o gi c al c o n diti o ns ar e a c o ns e q u e n c e of  m ol e c ul ar h o m e ost asis,
dri v e n b y b ot h pr ot ei n c o di n g r e gi o ns, r e g ul at or y el e m e nts a n d t h e s urr o u n di n g
e n vir o n m e nt. It is n ot a bl e t h at a l ar g e n u m b er of  w or ks  m a k e us e of g e n eti c
e x pr essi o n d at a,  w hi c h h as b e e n f o u n d t o b e t h e pr ef err e d  m et h o d b y r es e ar c h ers
w h e n tr ai ni n g t h e diff er e nt  m o d els.  T h e bi ol o gi c al pr o bl e ms a d dr ess e d h a v e b e e n
cl assi fi e d i nt o fi v e t y p es: pr o g n osis pr e di cti o n, t u m o ur s u bt y p es,  mi cr os at ellit e
i nst a bilit y ( M SI), i m m u n ol o gi c al as p e cts a n d c ert ai n p at h w a ys of i nt er est.  A cl e ar
tr e n d  w as d et e ct e d i n t h e pr e di cti o n of t h es e c o n diti o ns a c c or di n g t o t h e t y p e of
t u m o ur.  T h at is t h e r e as o n f or  w hi c h a gr e at er n u m b er of  w or ks h a v e f o c us e d o n t h e
B R C A c o h ort,  w hil e s p e ci fi c  w or ks f or s ur vi v al, f or e x a m pl e,  w er e c e ntr e d o n t h e
G B M c o h ort, d u e t o its l ar g e n u m b er of e v e nts.  T hr o u g h o ut t his r e vi e w, it  will b e
p ossi bl e t o g o i n d e pt h i nt o t h e  w or ks a n d t h e  m et h o d ol o gi es us e d t o st u d y  T C G A
c a n c er d at a. Fi n all y, it is i nt e n d e d t h at t his  w or k  will s er v e as a b asis f or f ut ur e
r es e ar c h i n t his fi el d of st u d y.
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T h e a p p e ar a n c e of t h e c ar ci n o g e ni c p h e n ot y p e is t h e c o ns e q u e n c e of a n alt er ati o n of o n e
or  m or e g e n es. I n a d diti o n, t h e a p p e ar a n c e of s u bt y p es o c c urs i n diff er e nt  w a ys i n
i n di vi d u als of a p o p ul ati o n.  H e n c e, a  m aj or pr o bl e m t h at aris es i n c a n c er is t h e diffi c ult y i n
its g e n eti c di a g n osis. Si mil ar t o  M e n d eli a n dis e as es,  w h er e t h e dis e as e d e v el o ps d u e t o t h e
alt er ati o n i n t h e f u n cti o n of a si n gl e g e n e, t h e d e v el o p m e nt of c a n c er is a c o ns e q u e n c e of
e pist ati c b e h a vi o ur of g e n es.  T h er e is alr e a d y a n e xtr e m el y l ar g e s e ar c h s p a c e i n t h e
i d e ntifi c ati o n of alt er ati o ns i n a si n gl e g e n e, i n cl u di n g e x o ni c a n d i ntr o ni c  m ut ati o ns,
si n gl e n u cl e oti d e p ol y m or p his ms ( S N Ps), c o p y n u m b er v ari a nts, i n d els, p ost-
tr a ns cri pti o n al alt er ati o ns, p ost-tr a nsl ati o n al alt er ati o ns, t hr e e- di m e nsi o n al ass e m bl y of
t h e pr ot ei n, e pi g e n eti c  m o difi c ati o ns, et c.  T h us, t h e s e ar c h s p a c e f or alt er ati o ns  w h e n  w e
e n c o u nt er a s u b gr o u p of 4 0 g e n es is i m m e ns e.  W h e n  w e d o n ot k n o w e x a ctl y  w hi c h g e n es
ar e i n v ol v e d,  w e h a v e t o s e ar c h a m o n g t h e  m or e t h a n 2 0, 0 0 0 c o di n g r e gi o ns or e v e n i n
w h ol e g e n o m e s e q u e n c e. I n t h es e c as es t h e s e ar c h s p a c e gr o ws t o i n c al c ul a bl e l e v els.  All
t his c o m pl e xit y is t h e r es ult of i nt er m ol e c ul ar c o m m u ni c ati o ns i n a n d a m o n g c ells, a
p h e n o m e n o n t h at c o nstit ut es a n e n vir o n m e nt of  m ol e c ul ar c o m m u ni c ati o n t h at is
e xtr e m el y c o m pli c at e d t o u n d erst a n d a n d i d e ntif y.
I n or d er t o l a y t h e f o u n d ati o n a n d a c hi e v e gr e at a d v a n c es i n t h e pr e v e nti o n, e arl y
d et e cti o n, str ati fi c ati o n a n d s u c c ess i n t h e tr e at m e nt of c a n c er, it is n e c ess ar y t o i d e ntif y t h e
c o m pl et e c h a n g es g e n er at e d b y e a c h t y p e of c a n c er i n its g e n o m e. F urt h er, r es e ar c h ers
m ust u n d erst a n d h o w t h es e c h a n g es i nt er a ct  wit h t h e c a n c er  mi cr o e n vir o n m e nt, i ntr a-
a n d i nt er c ell ul arl y, t o  m a nif est its elf.  H e n c e, t h e  N ati o n al  C a n c er I nstit ut e ( N CI) a n d t h e
N ati o n al  H u m a n  G e n o m e  R es e ar c h I nstit ut e ( N H G RI) of t h e  U nit e d St at es est a blis h e d
T h e  C a n c er  G e n o m e  Atl as ( T C G A),  wit h t h e ai m of o bt ai ni n g c o m pr e h e nsi v e
m ulti di m e nsi o n al g e n o mi c  m a ps of all k e y c h a n g es i n s e v er al t y p es a n d s u bt y p es of c a n c er
(T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 0 8 ).  A n i niti al pil ot pr oj e ct i n 2 0 0 6
c o n fi r m e d t h at a n atl as of t h es e c h a n g es c o ul d b e s p e ci fi c all y cr e at e d f or diff er e nt t y p es of
c a n c er. S u bs e q u e ntl y,  T C G A h as c oll e ct e d tiss u es fr o m  m or e t h a n 1 1, 0 0 0 c a n c er a n d
h e alt h y p ati e nts, a n e n d e a v o ur t h at all o ws t h e st u d y of  m or e t h a n 3 3 t y p es a n d s u bt y p es of
c a n c er, i n cl u di n g 1 0 r ar e c a n c ers.  T h e  m ost i nt er esti n g as p e ct of t his i niti ati v e is t h at all t h e
i nf or m ati o n is fr e e a n d a c c essi bl e t o a n y r es e ar c h er  w h o  w a nts t o f o c us t h eir eff orts o n t h e
dis e as e.  T h e diff er e nt t y p es of d at a pr es e nt e d b y t h e  T C G A pr oj e ct ar e s u m m aris e d i n
T a bl e 1 a n d Fi g. 1 s h o ws, f or e a c h c a n c er t y p e, t h e p er c e nt a g e t h at e a c h d at a t y p e
r e pr es e nts i n t h e s u bt y p e’s t ot al.  D at a ar e pr o vi d e d o p e n a c c ess t o t h e c o m m u nit y, a f a ct or
t h at f a cilit at es t h e g e n er ati o n of n o v el  m o d els  wit h o ut r e q uiri n g a n i niti al fi n a n ci al
i n v est m e nt t o o bt ai n t h e d at a.  T h er ef or e, t h er e ar e i n cr e asi n gl y s p e cifi c  m o d els f or t h e
a n al ysis of o mi cs d at a. I n p arti c ul ar, t h e ris e a n d s u c c ess of  m a c hi n e l e ar ni n g ( M L)
t e c h ni q u es t o pr o c ess a l ar g e a m o u nt of d at a is r e v ol uti o nisi n g bi oi nf or m ati cs a n d
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c o n v e nti o n al f or ms of g e n eti c di a g n osis.  T h es e  m et h o ds h a v e f o c us e d o n  m a ki n g
pr e di cti o ns b y usi n g g e n er al l e ar ni n g al g orit h ms t o fi n d p att er ns i n c o m pl e x, l ar g er a n d
h ar d-t o- h a n dl e pr o bl e ms. I n a d diti o n, t h es e  M L  m et h o ds  w or k r e all y  w ell  wit h v er y l ar g e
d at as ets, e v e n  w h e n t h e n u m b er of v ari a bl es i n e a c h o bs er v ati o n is  m u c h gr e at er t h a n t h e
t ot al n u m b er of o bs er v ati o ns (n < < p ).
T his s ur v e y pr es e nts t h e st at e- of-t h e- art r es e ar c h o n  T C G A a n al ysis usi n g  m a c hi n e
l e ar ni n g. Eff orts h a v e i n v ol v e d b ot h s u p er vis e d a n d u ns u p er vis e d l e ar ni n g pr o bl e ms, as
w ell as s ur vi v al a n al ysis, dis e as e pr o g n osis, c a n c er st a gi n g a n d p at h w a ys a n al ysis t o a n al ys e
diff er e nt t y p es of d at a r a n gi n g fr o m  m ulti- o mi cs h u m a n c a n c er d at a t o i m a gi n g.
T h er ef or e, r e vi e w arti cl es ar e n e e d e d t o s h o w a n o v er vi e w of  m a c hi n e l e ar ni n g- b as e d
a n al ysis of  T C G A d at a t o hi g hli g ht t h e fi n di n gs a n d t o dis c uss f ut ur e r es e ar c h li n es s o t h at
t h e o bt ai n e d k n o wl e d g e is us ef ul a n d c a n b e tr a nsl at e d t o cli ni c al pr a cti c e.
T h er e ar e f e w p u blis h e d r e vi e w arti cl es o n  m a c hi n e l e ar ni n g f or bi o m e di c al g e n o mi c
a n al ysis ( L e u n g et al., 2 0 1 5 ; K arc z e ws ki  & S n y d er, 2 0 1 8 ).  T h es e r e vi e w arti cl es ar e b ef or e
2 0 1 8 a n d d o n ot pr es e nt a dis c ussi o n o n  T C G A d at a n or a dis c ussi o n o n  m a c hi n e l e ar ni n g
r es ults n eit h er pr es e nt a  m ulti- o mi c a n d i m a gi n g p oi nt of vi e w f or diff er e nt bi ol o gi c al
q u esti o ns.  T o t h e b est of o ur k n o wl e d g e, n o s ur v e y h as b e e n c o n d u ct e d o n  M a c hi n e
L e ar ni n g a n al ysis of  T C G A usi n g  m ulti-l e v el c a n c er d at a.  T h us, t his s ur v e y ai ms t o pr es e nt
a c o m pr e h e nsi v e s u m m ar y of t h e pr e vi o us  m a c hi n e l e ar ni n g a p pr o a c h es a p pli e d t o  T C G A
d uri n g t h e s p a n of 2 0 0 8- 2 0 2 0.  T h e c o ntri b uti o ns of t his r e vi e w ar e:
T his r e vi e w i n cl u d es e x h a usti v e r e vi e w of t h e  m ai n r es ults o bt ai n e d b y t h e  T C G A
c o ns orti u m usi n g c o n v e nti o n al a p pr o a c h es i n or d er t o u n d erst a n d if  m a c hi n e l e ar ni n g is
i n cr e asi n g t h e k n o wl e d g e i n t h e ar e a.
T his r e vi e w i n cl u d es  m a c hi n e l e ar ni n g r es ults b y t h e  T C G A c o ns orti u m.
Fi g u r e 1 Q u a nti fi c ati o n of t h e n u m b e r of s a m pl es i n t h e  T C G A r e p osit o r y, cl assi fi e d b y t y p e of
t u m o u r a n d t y p e of bi ot e c h n ol o gi c al a n al ysis. Cli n,  Cli ni c al; S N P 6, S N P 6  C o p y N u m;  D N As e q, L o w-
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A cl assi fi c ati o n of s u p er vis e d, u ns u p er vis e d a n d cl ust eri n g  m et h o ds t h at  m a y p oi nt
r es e ar c h ers t o n e w a p pr o a c h es or n e w pr o bl e ms.
I d e ntifi c ati o n of d at a t y p es  m ostl y us e d i n  m a c hi n e l e ar ni n g r es e ar c h of  T C G A.
A c o m pr e h e nsi v e dis c ussi o n o n bi ol o gi c al q u esti o ns s ol v e d b y  m a c hi n e l e ar ni n g
al g orit h ms: pr o g n osis, i m m u n ol o gi c al p h e n ot y p e, p at h w a ys,  M SI st at us, a n d s u bt y p e
pr e di cti o n.
A d e e p er e x a mi n ati o n of t h e  m ost us e d  T C G A c o h ort: Br e ast  C a n c er  A d e n o c ar ci n o m a
( B R C A).
W e p oi nt d at a i nt e gr ati o n a p pr o a c h es as t h e f ut ur e tr e n d i n  T C G A a n al ysis usi n g
m a c hi n e l e ar ni n g.
W e b eli e v e t h at r es e ar c h ers i n  m a c hi n e l e ar ni n g, bi oi nf or m ati cs, bi ol o g y, c o m p ut ati o n al
bi ol o g y a n d d at a i nt e gr ati o n  w o ul d b e n e fi t fr o m t h e fi n di n gs of t his e x h a usti v e a n d
c o m pr e h e nsi v e r e vi e w.
T his  m a n us cri pt is or g a nis e d as f oll o ws. “ S ur v e y  M et h o d ol o g y ” e x pl ai ns t h e
m et h o d ol o g y us e d i n t his s ur v e y. “ T C G A  C o ns orti u m ” pr es e nts t h e  m ai n r es ults o bt ai n e d
b y t h e  T C G A c o ns orti u m. I n “ M a c hi n e L e ar ni n g as a S o ur c e of  N e w  K n o wl e d g e ” , w e
r e vi e w t h e  T C G A eff orts  wit h t h os e al g orit h ms as  w ell as  w e pr es e nt t h e  m ost us e d
T a bl e 1 Diff e r e nt t y p es of d at a p r es e nt i n t h e  T C G A r e p osit o r y.
D N A S e q u e n ci n g  W h ol e g e n o m e s e q u e n c es
W h ol e e x o m e s e q u e n c es
S e q u e n c es tr a c es
M ut ati o ns, i n cl u di n g c o di n g, s pli c e sit e, g er mli n e a n d n o n c o di n g s o m ati c v ari a nts
R N A s e q u e n ci n g m R N A s e q u e n c es ( c al c ul at e d e x pr essi o n p er g e n e, e x o n, s pli c e j u n cti o n a n d is of or m)
mi R N A s e q u e n c es ( c al c ul at e d e x pr essi o n p er  mi N R A a n d is of or m)
T ot al  R N A s e q u e n c es ( c al c ul at e d e x pr essi o n p er g e n e, e x o n, s pli c e j u n cti o n a n d is of or m)
E x pr essi o n si g n als p er g e n e, e x o n, s pli c e j u n cti o n,  mi R N A a n d is of or m
C o p y n u m b e r Arr a ys (r a w, u n n or m ali z e d, n or m ali z e d)
L o w- p ass  D N A s e q u e n ci n g ( w h ol e g e n o m es s e q u e n c es, v ari a nts a n d c o v er a g e)
A r r a y- b as e d
e x p r essi o n
G e n e e x pr essi o n (r a w, n or m ali z e d a n d c alls)
E x o n e x pr essi o n (r a w, n or m ali z e d a n d c alls)
mi R N A e x pr essi o n (r a w, n or m ali z e d a n d c alls)
D N A  m et h yl ati o n Arr a y- b as e d  m et h yl ati o n (r a w si g n al i nt e nsit y, c al c ul at e d b et a v al u es)
Ot h e r Pr ot ei n e x pr essi o n ( hi g h-r es ol uti o n i m a g es of pr ot ei n arr a ys, r a w si g n als, n or m ali z e d e x pr essi o n a n d  m ass s p e ctr o m etr y
pr ot ei n)
Mi cr os at elit e i nst a bilit y ( m ar k ers a n d cl assi fi c ati o n)
A T A C-s e q ( c hr o m ati n e a c c esi bilit y)
M et a d at a Cli ni c al i nf or m ati o n a b o ut p ati e nts ( e. g., s e x, r a c e, et h ni cit y, dr u gs t a k e n,  m et ast asis st at us a n d r es p o ns e t o tr e at m e nt)
I nf or m ati o n a b o ut s a m pl es ( e. g., t h e  w ei g ht of a s a m pl e p orti o n, d a ys t o c oll e ct a n d ti m e of fr e e zi n g)
I m a g es of t h e t u m ors
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al g orit h ms o n s u p er vis e d, u ns u p er vis e d a n d cl ust eri n g a p pr o a c h es f or e xt er n al
r es e ar c h ers. S p e ci al att e nti o n  wit h a s u bs e cti o n o n  m e di c al i m a gi n g a n al ysis usi n g d e e p
l e ar ni n g a p pr o a c h es i n r e c e nt y e ars. “Bi ol o gi c al  Q u esti o ns S ol v e d b y  M a c hi n e L e ar ni n g
Al g orit h ms ” dis c uss es t h e c a p a bilit y of t h os e al g orit h ms t o s ol v e t h e bi ol o gi c al pr o bl e m  wit h
t h e hi g h est p erf or m a n c e s c or e a n d fi n d t h at t h e pr e di cti o ns ar e bi ol o gi c all y of r el e v a n c e.
T o t his ai m  w e di vi d e a n d st u d y fi v e bi ol o gi c al pr o bl e ms: pr o g n osis, i m m u n ol o gi c al
p h e n ot y p e, p at h w a ys,  M SI a n d s u bt y p es pr e di cti o n.  W e fi nis h  wit h s p e ci al e m p h asis o n t h e
a n al ysis of t h e B R C A c o h ort. Fi n all y,  w e c o n cl u d e t h e r e vi e w i n ‘C o n cl usi o ns ’.
S U R V E Y  M E T H O D O L O G Y
T his  w or k is b as e d o n a lit er at ur e r e vi e w i n  m a c hi n e l e ar ni n g- b as e d a n al ysis of  T C G A
c a n c er d at a.  W e s e ar c h e d f or t h e  m ai n fi n di n gs of t h e  T C G A c o ns orti u m usi n g cl assi c al
st atisti c al a p pr o a c h es a n d  w or ks usi n g  m a c hi n e l e ar ni n g a n d cl assif y t h e m i nt o s u p er vis e d,
u ns u p er vis e d a n d cl ust eri n g  m et h o ds. F urt h er m or e,  w e c o nsi d er e d of r el e v a n c e t o
a ns w er t o t h e i ntiti al bi ol o gi c al q u esti o n  wit h s e ns e, n ot o nl y  wit h a hi g h er p erf or m a n c e
s c or e.  T h e s e ar c h k e y w or ds, d at a s o ur c es a n d o n crit eri a ar e dis c uss e d.
S e ar c h k e y w or d s
W e i niti all y r e vi e w e d t h e ori gi n al  T C G A c o ns orti m p u bli c ati o n i n or d er t o c ar ef ull y s el e ct
t h e s e ar c h k e y w or ds.  T h e k e y w or ds us e d f or t h e s ur v e y i n cl u d e d t h e f oll o wi n g t er ms t o
fi n d t h e r el e v a nt p a p ers: ‘m a c hi n e l e ar ni n g ’, ‘T C G A ’.  W e us e d t h e ‘A N D ’ a n d ‘O R ’ B o ol e a n
o p er at ors t o c o m bi n e t er ms.  Aft er t h e i niti al s u bs et of p a p ers  w e r e fi n e d t h e s e ar c h
k e y w or ds a c c or di n g  wit h t h e  m ost us e d  m a c hi n e l e ar ni n g  m o d els, t y p e of pr o bl e ms a n d
bi ol o gi c al q u esti o n: ‘cl ust eri n g ’, ‘c o m p ut er visi o n ’, ‘d e e p l e ar ni n g ’, ‘r a n d o m f or est’,
‘s u p p ort v e ct or  m a c hi n es’, ‘li n e ar  m o d el’, ‘s ur vi v al’, ‘M SI ’, ‘pr o g n osis ’, ‘p at h w a y ’,
‘s u bt y p es’ or ‘p h e n ot y p e ’.
D at a s o ur c e s
T h e p a p ers i n cl u d e d i n t his s ur v e y  w er e r etri e v e d fr o m pr o mi n e nt j o ur n als i n d e x e d i n
di v ers e q u alit y d at a b as es: P u b m e d a n d S c o p us.
Arti cl e i n cl u si o n/ e x cl u si o n crit eri a
W e d e ci d e d  w hi c h arti cl es ar e eli gi bl e f or t h e s ur v e y u n d er t h e f oll o wi n g i n cl usi o n/
e x cl usi o n crit eri a:
• I n cl usi o n crit eri a:
– m a n us cri pts  writt e n i n t h e E n glis h l a n g u a g e a n d p u blis h e d b y i n d e x e d j o ur n als i n
P u b m e d t o e ns ur e t h e h e alt h s ci e n c e s p e ci ali z ati o n a n d S c o p us usi n g  T C G A as t h e
m ai n s o ur c e of d at a
• E x cl usi o n crit eri a:
– m a n us cri pts usi n g  m a c hi n e l e ar ni n g  m ar gi n all y or  wit h o ut s oli d bi ol o gi c al
c o n cl usi o ns
– m a n us cri pts i n pr e pri nt  wit h o ut p e er r e vi e w
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Arti cl e s el e cti o n
T h e  T C G A c o ns orti u m p a p ers  w er e i d e nti fi e d i n t h e  w e bsit e a n d  w er e i n cl u d e d. I niti all y
3 4 5 p a p ers  w er e i d e nti fi e d i n P u b m e d a n d S c o p us usi n g t h e s e ar c h k e y w or ds.  Of t h es e,  w e
fi lt er e d b y t h e i n cl usi o n/ e x cl usi o n crit eri a. I n a d diti o n, d u pli c at e d p a p ers r etri e v e d fr o m
m ulti pl e s o ur c es  w er e r e m o v e d. Fi n all y,  m or e t h a n 1 5 0 arti cl es  w er e i n cl u d e d.
T C G A  C O N S O R TI U M
T C G A b e g a n as a pil ot pr oj e ct f or 3 y e ars,  wit h a f o c us o n t h e c h ar a ct eris ati o n of t hr e e
t y p es of h u m a n c a n c er: gli o bl ast o m a  m ultif or m e ( G B M), l u n g s q u a m o us c ell c ar ci n o m a
( L U S C) a n d o v ari a n c a n c er ( O V).  T C G A c urr e ntl y pr es e nts d at a fr o m a t ot al of 3 8
diff er e nt c o h orts. F o ur of t h e m ( C O A D R E A D,  G B M L G G,  KI P A N a n d S T E S) ar e n ot
ori gi n al — t h e y ar e c o m bi n ati o ns of ot h er c o h orts.  A m o n g t h e r e m ai ni n g 3 4 c a n c er c o h orts
ar e t u m o urs of diff er e nt tiss u e t y p es, as c a n b e s e e n i n T a bl e 2 .  T o d at e,  T C G A h as
c h ar a ct eris e d a n d p u blis h e d a b o ut 3 3 diff er e nt t y p es of t u m o urs i n l e a di n g i nt er n ati o n al
j o ur n als. T a bl e 2 pr o vi d es gr e at er d e pt h f or e a c h of t h e p u bli c ati o ns t h at  T C G A h as  m a d e
i n e a c h r e cr uit e d c o h ort.
I n 2 0 1 8, a s eri es of  w or ks  w er e p u blis h e d i n  C ell e dit ori al,  w h er e t h e y  w er e
e x h a usti v el y a n al ys e d t h e s a m pl es r e cr uit e d t hr o u g h o ut t h e pr oj e ct.  T h es e st u di es l e d t o
t h e i d e ntifi c ati o n a n d e x a mi n ati o n of  m e c h a nis ms t h at u n d erli e all t y p es of t u m o urs.
T h es e fi n di n gs all o w r es e ar c h ers t o dr a w c o n cl usi o ns a b o ut t u m o ur ori gi ns,  m ol e c ul ar
bi ol o g y a n d s u bt y pi n g. I n t his s eri es of p u bli c ati o ns — a n d i n or d er t o u n d erst a n d t h e
m ol e c ul ar bi ol o g y u n d erl yi n g c a n c er — t h e  T C G A c o ns orti u m cr oss- c h e c k e d g e n er al
m ol e c ul ar as p e cts i n all t u m o ur t y p es.  T o t his e n d, t h e y e x h a usti v el y st u di e d, i n t h e  m or e
t h a n 1 0, 0 0 0 s a m pl es st or e d i n t h eir r e p osit or y, t h e pr o c ess of alt er n ati v e s pli ci n g (K a hl es
et al., 2 0 1 8 ) a n d t h e y i d e ntifi e d t h e s p e ci fi c v ari a nts ( H u a n g et al., 2 0 1 8 ) a n d dri v er
g e n es ( B ail e y et al., 2 0 1 8 ) t h at g e n er at e gr e at er pr e dis p ositi o n t o t u m o ur d e v el o p m e nt.
T h e y als o a n al ys e d t h e eff e ct of e n h a n c er a cti v ati o n o n diff er e nt t u m o ur t y p es ( C h e n
et al., 2 0 1 8 a ) a n d t h e eff e ct of a n e u pl oi d y (T a yl or et al., 2 0 1 8 ).  T h e y als o c at al o g u e d
t h e v ari a nts of t h e 1 0 p at h w a ys t h at ar e  m ost fr e q u e ntl y alt er e d i n  m ost t u m o urs
(S a nc h e z- V e g a et al., 2 0 1 8 ), i n a d diti o n t o alt er ati o ns i n g e n es r el at e d t o t h e u bi q uiti n
(G e et al., 2 0 1 8 ),  D N A d a m a g e r e p air (K nij n e n b ur g et al., 2 0 1 8 ) a n d t h e  M Y C p at h w a ys
(Sc h a u b et al., 2 0 1 8 ).
T h e c o ns orti u m als o f e at ur es a str o n g t e c h n ol o g y c o m p o n e nt; t h e y p u blis h e d a n
i nt e gr at e d p a n c a n c er o us cli ni c al d at a r es o ur c e fr o m  T C G A  wit h t h e ai m of dri vi n g t h e
a n al ysis of hi g h- q u alit y s ur vi v al r es ults ( Li u et al., 2 0 1 8 a ). I n a d diti o n, t h e y c o n d u ct e d
st u di es  w h er e t h e y us e d  M L a n d d e e p l e ar ni n g al g orit h ms t o i d e ntif y st e m n ess f e at ur es i n
t u m o ur c ells (M alt a et al., 2 0 1 8 ), t h e pr e di cti o n of  R as p at h w a y a cti v ati o n (W a y et al.,
2 0 1 8 ) a n d t h e d et e cti o n of t u m o ur i nfi ltr ati n g l y m p h o c yt es usi n g i m a g es (S alt z et al.,
2 0 1 8 ). I n Ellr ott et al. ( 2 0 1 8) t h e y d es cri b e d t h e  M ulti- C e nt er  M ut ati o n  C alli n g pr oj e ct,
w hi c h ai ms t o g e n er at e a c o m pl et e e n c y cl o p a e di a of s o m ati c  m ut ati o ns fr o m  T C G A d at a
t h at all o ws a r o b ust a n al ysis f or diff er e nt t u m o ur t y p es.  T h e y p erf or m e d diff er e nt st u di es
t h at pr o p os e d n e w cl assifi c ati o ns a m o n g t u m o urs. F or e x a m pl e, t h e y i d e nti fi e d n e w
i m m u n e t u m o ur t y p es a cr oss t h e 3 3 t y p es of c a n c er t h at diff er b y s o m ati c a b err ati o ns,
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T a bl e 2 E n u m e r ati o n of t h e diff e r e nt c o h o rts p r es e nt e d b y t h e  T C G A r e p osit o r y, cl assi fi e d a c c o r di n g t ot h e tiss u e of o ri gi n of t h e t u m o u r. I n
a d diti o n, t h e ori gi n al p a p er p u blis h e d b y t h e  T C G A c o ns orti u m is cit e d.
C a n c e r t y p e A c r o n y m  Tiss u e  Cit ati o n
Br e ast  D u ct al/ L o b ul ar
C ar ci n o m a
B R C A Br e ast ( T h e  C a nc er  G e n o m e  Atl as  N et w or k, 2 0 1 2 b ; Ciri ell o et al., 2 0 1 5 )
Gli o bl ast o m a  M ultif or m e  G B M  C e ntr al
N er v o us
S yst e m
(T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 0 8 ; V er h a a k et al., 2 0 1 0 ; N o us h m e hr et al.,
2 0 1 0 ; Br e n n a n et al., 2 0 1 3 ; T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 5 , C ecc ar elli
et al., 2 0 1 6 )
L o w er  Gr a d e  Gli o m a L G G  C e ntr al
N er v o us
S yst e m
(T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 5 )
A dr e n o c orti c al
C ar ci n o m a
A C C E n d o cri n e ( Z h e n g et al., 2 0 1 6 )
P a pill ar y  T h yr oi d
C ar ci o n m a
T H C A E n d o cri n e ( A gr a w al et al., 2 0 1 4 )
P ar a g a n gli o m a  &
P h e o c hr o m o c yt o m a
P C P G E n d o cri n e ( Fis h b ei n et al., 2 0 1 7 )
C h ol a n gi o c ar ci n o m a  C H O L  G astr oi nt esti n al ( F ars hi df ar et al., 2 0 1 7 )
C ol o n  A d e n o c ar ci n o m a  C O A D  G astr oi nt esti n al ( T h e  C a nc er  G e n o m e  Atl as  N et w or k, 2 0 1 2 a )
R e ct al  A d e n o c ar ci n o m a  R E A D  G astr oi nt esti n al ( T h e  C a nc er  G e n o m e  Atl as  N et w or k, 2 0 1 2 a )
Es o p h a g e al  C a n c er E S C A  G astr oi nt esti n al ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 7c )
Li v er  H e p at o c ell ul ar
C ar ci o n o m a
LI H C  G astr oi nt esti n al ( All y et al., 2 0 1 7 )
P a n cr e ati c  D u ct al
A d e n o c ar ci n o m a
P A A D  G astr oi nt esti n al ( R a p h a el et al., 2 0 1 7 )
St o m a c h  C a n c er S T A D  G astr oi nt esti n al ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 4 a )
C er vi c al  C a n c er  C E S C  G y n e c ol o gi c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 7 b )
O v ari a n S er o us
C yst a d e n o c ar ci n o m a
O V  G y n e c ol o gi c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 1 )
Ut eri n e  C ar ci n os ar c o m a  U C S  G y n e c ol o gi c ( C h er ni ac k et al., 2 0 1 7 )
Ut eri n e  C or p us
E n d o m etri al  C ar ci n o m a
U C E C  G y n e c ol o gi c ( L e vi n e, 2 0 1 3 )
H e a d a n d  N e c k S q u a m o us
C ell  C ar ci n o m a
H N S C  H e a d a n d  N e c k ( T h e  C a nc er  G e n o m e  Atl as  N et w or k, 2 0 1 5 )
U v e al  M el a n o m a  U V M  H e a d a n d  N e c k ( R o b erts o n et al., 2 0 1 7 b )
A c ut e  M y el oi d L e u k e mi a  A M L  H e m at ol o gi c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 3 )
T h y m o m a T H Y M  H e m at ol o gi c ( R a d o vic h et al., 2 0 1 8 )
C ut a n e o us  M el a n o m a S K C M S ki n (A k b a ni et al., 2 0 1 5 )
S ar c o m a S A R C S oft  Tiss u e ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 7 a )
L u n g  A d e n o c ar ci n o m a L U A D  T h or a ci c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 4c ; C a m p b ell et al., 2 0 1 6 )
L u n g S q u a m o us  C ell
C ar ci n o m a
L U S C  T h or a ci c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 2c ; C a m p b ell et al., 2 0 1 6 )
M es ot h eli o m a M E S O  T h or a ci c ( H m elj a k et al., 2 0 1 8 )
C hr o m o p h o b e  R e n al  C ell
C ar ci n o m a
KI C H  Ur ol o gi c ( D a vis et al., 2 0 1 4 )
Cl e ar  C ell  Ki d n e y
C ar ci n o m a
KI R C  Ur ol o gi c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 3 )
( C o nti n u e d )
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 7/ 4 7
mi cr o e n vir o n m e nt a n d s ur vi v al ( T h orss o n et al., 2 0 1 8 ). F urt h er m or e, t h e y cl assifi e d
t u m o urs b as e d o n  m et a b oli c e x pr essi o n a n d s u bs e q u e ntl y pr o p os e d diff er e nt s u bt y p es t h at
w er e n ot pr e vi o usl y c o nt e m pl at e d ( P e n g et al., 2 0 1 8 ). I n a d diti o n, t h e y c arri e d o ut
e x h a usti v e st u di es o n gr o u pi n gs of t u m o urs a c c or di n g t o t h eir ori gi n i n or d er t o el u ci d at e
n e w t h er a p e uti c t ar g ets t h at  mi g ht b e us ef ul f or g astr oi nt esti n al a d e n o c ar ci n o m as ( Li u
et al., 2 0 1 8 b ), g y n a e c ol o gi c al t u m o urs a n d br e ast c a n c ers (B er g er et al., 2 0 1 8 ) a n d
s q u a m o us c ar ci n o m as (C a m p b ell et al., 2 0 1 8 ). I n t h es e p a p ers, t h e y p erf or m e d cl ust eri n g
t e c h ni q u es t o s u bt y p e p ati e nts i nt o n e w gr o u ps f or tr e at m e nt or di a g n osis. Fi n all y, t h e y
st u di e d t u m o urs b y c ell (H o a dl e y et al., 2 0 1 8 ) a n d tiss u e (H o a dl e y et al., 2 0 1 4 ) of ori gi ns.
T h er e ar e  m a n y r es ults r e p ort e d b y  T C G A t h at h a v e h a d a v er y i m p ort a nt i m p a ct o n
o n c ol o g y.  T h e r es ults o bt ai n e d b y t h e c o ns orti u m s h o w a r o a d m a p t o f oll o w a n d o p e n
c o u ntl ess a v e n u es i n t his fi el d  w h er e n e w r es e ar c h gr o u ps, u ntil n o w u n a bl e t o c arr y o ut
t h eir r es e ar c h gl o b all y,  will b e a bl e t o r e p ort i m p ort a nt r es ults i n t his fi el d.
M A C HI N E  L E A R NI N G  A S  A  S O U R C E  O F  N E W  K N O W L E D G E
M L is t h e pr o c ess b y  w hi c h  m a c hi n es a c q uir e t h e a bilit y t o l e ar n a n a cti o n or b e h a vi o ur.
T h es e pr o c ess es ar e d e fi n e d b y diff er e nt al g orit h ms t h at e n a bl e t h e c o m p ut er t o l e ar n a
b e h a vi o ur ( cl assif y, i d e ntif y, et c.) a n d e xtr a ct p att er ns fr o m t h e d at a.  T h es e p att er ns ar e
ulti m at el y i n h er e nt k n o wl e d g e of t h e pr o bl e m t o b e a n al ys e d t h at t h e al g orit h ms c a n
e xtr a ct a n d l e ar n t o i d e ntif y. S u bs e q u e ntl y, gi v e n a n e w c as e, t h es e t e c h ni q u es c a n e v al u at e
a n d pr e di ct t o  w hi c h gr o u p it is  m ost li k el y t o b el o n g, al w a ys i n a c c or d a n c e  wit h pri or
k n o wl e d g e. It is t h er ef or e criti c al t h at s u c h t e c h ni q u es ar e a p pli e d  wit h c ar ef ul
e x p eri m e nt al d esi g n ( F er n a n d e z- L o z a n o et al., 2 0 1 6 ) a n d t h at t h e d at a ar e as a c c ur at e as
p ossi bl e t o d e fi n e t h e pr o bl e m.  T h es e t e c h ni q u es  will l e ar n a n d  m a xi m all y e x pl oit t h e
i ntri nsi c k n o wl e d g e t h at u n d erli es t h e d at a.
D e p e n di n g o n h o w t his i nf or m ati o n e xtr a cti o n pr o c ess is p erf or m e d,  w e c a n s p e a k of
diff er e nt a p pr o a c h es: s u p er vis e d a n d u ns u p er vis e d l e ar ni n g.  Alt h o u g h i n pr a cti c e t h er e
ar e  m or e t y p es of l e ar ni n g,  w e  will o nl y f o c us o n t h es e t w o,  m ai nl y b e c a us e t h es e
a p pr o a c h es h a v e b e e n t h e  m ost  wi d el y us e d i n bi o m e di ci n e.
T a bl e 2 ( c o nti n u e d )
C a n c e r t y p e A c r o n y m  Tiss u e  Cit ati o n
P a pill ar y  Ki d n e y
C ar ci n o m a
KI R P  Ur ol o gi c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 6 )
Pr ost at e  A d e n o c ar ci n o m a P R A D  Ur ol o gi c ( A b es h o us e et al., 2 0 1 5 )
T esti c ul ar  G er m  C ell
C a n c er
T G C T  Ur ol o gi c ( S h e n et al., 2 0 1 8 )
Ur ot h eli al Bl a d d er
C ar ci n o m a
B L C A  Ur ol o gi c ( T h e  C a nc er  G e n o m e  Atl as  R es e arc h  N et w or k, 2 0 1 4 b ; R o b erts o n et al., 2 0 1 7 a )
Diff us e L ar g e B- c ell
L y m p h o m a
D L B C L y m p h ati c
tiss u e
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T h e  T C G A c o n s orti u m a n d  M L
T h e  T C G A c o ns orti u m h as a n al ys e d c a n c er b as e d o n  M L al g orit h ms, s o m eti m es  wit h
n o v el a p pr o a c h es s p e ci fi c all y d esi g n e d f or t h e  T C G A d at a.  T C G A r es e ar c h ers r e c e ntl y
pr es e nt e d a n e w  M L t h at c a n pr e di ct t h e diff er e nti ati o n of c ert ai n t u m o ur tiss u es
(M alt a et al., 2 0 1 8 ). I n t his c as e, usi n g d at a fr o m n o n- diff er e nti at e d st e m c ells a n d t h eir
diff er e nti at e d pr o g e nit ors ( d at a o bt ai n e d fr o m p u bli c r e p osit ori es), t h e y c o nstr u ct e d t w o
cl ass es of i n di c at ors t h at r e fl e ct e pi g e n eti c a n d g e n eti c e x pr essi o n tr aits of t h e c ells.
O n c e t h e y c o nstr u ct e d t h es e d es cri pt ors, t h e y us e d a v ari a nt of o n e- cl ass l o gisti c r e gr essi o n
t o cl assif y t h e diff er e nt  T C G A s a m pl es a c c or di n g t o t h eir d e gr e e of diff er e nti ati o n, a
cr u ci al c h ar a ct eristi c f or t h e d e v el o p m e nt of t h e t u m o ur a n d its i n v asi v e p ot e nti al.
A n ot h er st u d y ( W a y et al., 2 0 1 8 ) us e d t hr e e t y p es of o mi cs pl atf or ms ( e x pr essi o n, c o p y
n u m b er a n d  m ut ati o n) t o pr e di ct t h e a cti v ati o n of t h e  R as p at h w a y,  w hi c h h as b e e n  wi d el y
st u di e d t hr o u g h o ut o n c ol o gi c al r es e ar c h.  T his  m o d el pr e di ct e d  w h et h er t his p at h w a y
w as a cti v at e d usi n g  R N As e q e x pr essi o n d at a. Fr o m t h e c o p y n u m b er a n d  m ut ati o n d at a,
t h e r es e ar c h ers  w er e a bl e t o l a b el t h e p ati e nts t o d esi g n a s u p er vis e d l e ar ni n g pr o bl e m.
T h er ef or e, it  w as o bs er v e d t h at c ert ai n o mi c p att er ns c o ul d b e pr e di ct e d fr o m diff er e nt
o mi c d at a.  T his e n a bl es t h e pr e di cti o n of a si g ni fi c a nt n u m b er of c h ar a ct eristi cs i n
t u m o urs.  T his a p pr o a c h  w as als o p erf or m e d i n a n ot h er st u d y b y  m o dif yi n g t h e t ar g et i n
or d er t o pr e di ct t h e a cti v ati o n of t h e  T P 5 3 p at h w a y ( K nij n e n b ur g et al., 2 0 1 8 ).
I n ot h er st u d y, d e e p l e ar ni n g b as e d o n c o n v ol uti o n al n e ur al n et w or ks ( C N N)  m a p p e d
t u m o ur i nfi ltr ati n g l y m p h o c yt es ( TI L) b as e d o n h a e m at o x yli n a n d e osi n ( H & E) i m a g es.
I n t his c as e, 1 3 t y p es of  T C G A t u m o urs e x hi bit e d al m ost p erf e ct p erf or m a n c e  w h e n
diff er e nti ati n g t h es e c ell t y p es ( S alt z et al., 2 0 1 8 ). I n t his  w or k, t h e  T C G A c o ns orti u m
hi g hli g ht e d t h e i m p ort a n c e of t h e i m a g es it st or es a n d q u esti o ns t h eir r el ati v el y li mit e d us e
b y diff er e nt r es e ar c h ers i n c o m p aris o n  wit h o mi cs pl atf or ms.  T h e i m a g es i n t h e  T C G A
r e p osit or y  will b e dis c uss e d i n t h e f oll o wi n g s e cti o ns.
P o p ul ar  M L  m o d el s  wit h  T C G A  d at a
T h e  T C G A c o ns orti u m h as r eli e d o n b ot h s u p er vis e d a n d u ns u p er vis e d  M L t e c h ni q u es t o
e xtr a ct n e w k n o wl e d g e fr o m its d at a.  H o w e v er, it is i nt er esti n g t o i d e ntif y t h e  w or k
d e v el o p e d b y ot h er r es e ar c h ers  w h o h a v e us e d  T C G A d at a.  T h e a p pr o a c h es t a k e n a n d t h e
r es ults o bt ai n e d fr o m t h e v ari o us p u blis h e d  w or ks  will b e dis c uss e d b el o w.
Fi g ur e 2 s h o ws t h e pr o p orti o n of p u blis h e d p a p ers a c c or di n g t o t h e t y p e of al g orit h m
a n d t h e t y p e of o mi c d at a us e d.  W e r e vi e w e d  m or e t h a n 1 0 0 p a p ers t h at h a v e us e d
M L a p pr o a c h es  wit h  T C G A d at a. F or e a c h o n e,  w e i d e nti fi e d: t h e al g orit h m a n d d at a
t y p e/s.  Al m ost h alf of t h e i d e ntifi e d  w or ks us e d v ari a nts of t h e s u p p ort v e ct or  m a c hi n e
( S V M) or tr e e- b as e d al g orit h ms, f oll o w e d b y li n e ar  m o d els as c a n b e s e e n i n Fi g. 2 A . O n
t h e ot h er h a n d, Fi g. 2 B cl e arl y s h o ws t h at g e n e e x pr essi o n d at a is  m ost a b u n d a nt d at a t y p e
us e d i n  M L r es e ar c h.  Ot h er d at a t y p es s u c h as i m a g es,  m et h yl ati o n,  mi R N A a n d c o p y
n u m b er h a v e b e e n us e d, b ut  m aj orit y i n a c o m bi n ati o n  wit h g e n e e x pr essi o n d at a.
T h e fi n di n gs of t his r e vi e w hi g hli g ht t h e l o w v ari a bilit y of r e p ort e d r es e ar c h a n d
a n al yti c al  m et h o ds. It is tr u e t h at t h e  m ostl y us e d al g orit h ms,  R a n d o m F or est ( R F) a n d
S V M, as  w ell as t h e t y p es of o mi c d at a ( e x pr essi o n) h a v e r e p ort e d pr o misi n g r es ults i n
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t h e bi o m e di c al fi el d d uri n g t h e l ast y e ars.  W e b eli e v e t h at t h e l o w v ari a bilit y i n t h e
a p pr o a c h es est a blis h e d b y r es e ar c h ers is  m ai nl y d u e t o t w o r e as o ns. First, t h e i ntri nsi c
c h ar a ct eristi cs of bi o m e di c al d at a, a n d s p e ci fi c all y t h e o mi c d at a, pr es e nt a  m u c h gr e at er
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Fi g u r e 2 ( A)  N u m b e r of p a p e rs t h at us e d e a c h t y p e of al g o rit h m, a n d ( B) r el ati o ns b et w e e n o mi cs
d at a us e d i n e a c h  w o r k. F ull-si z e D OI: 1 0. 7 7 1 7/ p e erj- cs. 5 8 4/ fi g- 2
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tr ai ni n g of  M L al g orit h ms. I n t his s e ns e, t h e us e of al g orit h ms is  m ai nl y d et er mi n e d b y t h e
us e of  w hi c h t y p e of o mi c d at a is b ei n g a n al y z e d. I n t h e c o nt e xt  m e nti o n e d a b o v e, c ert ai n
al g orit h ms ar e a bl e t o h a n dl e s o m e c h ar a ct eristi cs of t h e d at a b ett er t h a n ot h ers. F or
e x a m pl e, n e ur al n et w or ks ar e  m or e s e nsiti v e t o t h e l a c k of o bs er v ati o ns t h a n i n t his c as e
R F, S V M or li n e ar  m o d els.  Gi v e n t h at t h e v ast  m aj orit y of  w or ks i d e nti fi e d h a v e us e d
e x pr essi o n d at a, it is l o gi c al t o o bs er v e a hi g h d e nsit y of  w or ks t h at h a v e us e d  R F or S V M
t y p e al g orit h ms.  O n t h e ot h er h a n d, t h os e  w or ks t h at h a v e us e d i m a g e d at a ar e  m or e
li k el y t o us e n e ur o n n et w or ks. S e c o n dl y, t h er e is n o d o u bt t h at t h e p ossi biliti es i n t h e
e x pl oit ati o n of t h es e d at a b y  M L al g orit h ms ar e y et t o b e dis c o v er e d.  A br e a k i n t h e arri v al
of  M L- b as e d a p pli c ati o ns i n t h e fi el d of bi o m e di ci n e h as b e e n d et e ct e d.  T his is p artl y
d u e t o t h e c o m pl e xit y of t h e o mi c d at a, a n d t h e n e e d f or s p e ci alists i n t his fi el d f or its
m o d elli n g a n d g o o d pr a cti c al us e. P ossi bl e a p pli c ati o ns t h at c o ul d r e v ol uti o ni z e t h e fi el d of
bi o m e di ci n e c o ul d b e t h e us e of  N L P ( N at ur al L a n g u a g e Pr o c essi n g) al g orit h ms f or t h e
a n al ysis of  W h ol e  G e n o m e S e q u e n ci n g ( W G S) d at a.
Aft er all, if t h er e is s o m et hi n g t o hi g hli g ht i n t h e r es ults o bs er v e d i n t h e Fi g. 2 B is t h e
tr e n d t o w ar ds  m or e a n d  m or e  w or k i nt e gr ati n g diff er e nt o mi c d at a. E v e n s o, t his tr e n d is
n ot r e fl e ct e d i n Fi g. 2 A , i n  w hi c h a v ari et y of al g orit h ms a n d/ or n e w k n o w n a n d
st a n d ar di z e d  m et h o d ol o gi es t h at c a n s ol v e t his pr o bl e m ar e n ot o bs er v e d.  T his is t h e gr e at
c h all e n g e i n t h e c o mi n g y e ars pr es e nt e d b y bi o m e di ci n e,  w hi c h c o ul d g e n er at e v er y us ef ul
pr e di cti o ns f or t a c kli n g c o m pl e x dis e as es, s u c h as c a n c er.
A  g e n er al  p er s p e cti v e  of  u n s u p er vi s e d l e ar ni n g  wit h  T C G A  d at a
I n o n c ol o g y, cl ust eri n g  m et h o ds ar e e xtr e m el y us ef ul f or s u bt y pi n g or r e cl assi fi c ati o n
of p ati e nts i n a p arti c ul ar c o h ort.  O v er t h e y e ars, t h e cl assi c cl ust eri n g  m et h o ds h a v e b e e n
m ost  wi d el y us e d, i n cl u di n g p artiti o ni n g cl ust eri n g or hi er ar c hi c al cl ust eri n g. E v e n
t o d a y, t h e y ar e  wi d el y us e d  wit h t h eir r es p e cti v e v ari ati o ns. F or e x a m pl e, t h e  T C G A
c o ns orti u m h as us e d t h e m t o s u bt y p e diff er e nt t u m o urs (s e e p u bli c ati o ns i n T a bl e 2 ).
T h e pr o bl e m  wit h t h es e al g orit h ms is t h at t h e y c a n o nl y  m o d el a si n gl e s et of d at a a n d t h e
c o n c at e n ati o n of diff er e nt t y p es of d at a d o es n ot p erf or m a d e q u at el y.  T h e c o m pl e xit y
of t h e t u m o ur is  m a nif est e d at disti n ct bi ol o gi c al l e v els; h e n c e,  m et h o ds t h at c a n a c c e pt
diff er e nt t y p es of d at a ar e pr ef er a bl e.  T h us, r es e ar c h ers d e v el o p e d a n e w i nt e gr ati v e
cl ust eri n g  m et h o d b as e d o n a j oi nt l at e nt v ari a bl e  m o d el (i Cl ust er) ( S h e n,  Ols h e n  &
L a d a n yi, 2 0 0 9 ) a n d us e d it  wit h  T C G A d at a (S h e n et al., 2 0 1 2 ). i Cl ust er fi ts a r e g ul ari z e d
l at e nt v ari a bl e  m o d el b as e d cl ust eri n g t h at g e n er at es a n i nt e gr at e d cl ust er assi g m e nt
b as e d o n j oi nt i nf er e n c e a cr oss d at a t y p es. I n a d diti o n, t h e i m pl e m e nt ati o n i n s e v er al
pr o gr a m mi n g l a n g u a g es is v er y i nt uiti v e.  O n ot h er h a n d, a n e xt e n d e d v ersi o n ( i Cl uster Pl us)
w as als o d e v el o p e d ( M o et al., 2 0 1 3 ).  O n e of t h e  m ost i m p ort a nt  w or ks usi n g t his  m et h o d
w as ( C urtis et al., 2 0 1 2 ), i d e ntif yi n g 1 2 diff er e nt br e ast t u m o ur s u bt y p es.
I n a d diti o n t o b ef or e m e nti o n e d  w or ks, t h er e ar e a h u g e e x a m pl es of i Cl ust er us e  wit h
T C G A. F or i nst a n c e, i n Xi e et al. ( 2 0 1 9) a n i nt e gr ati v e a n al ysis  w as c arri e d o ut  wit h
i Cl ust er t hr o u g h  R N As e q a n d pr ot e o mi cs d at a t o a n al ys e t h e  O V s u bt y p e.  T h e r es ults
s h o w e d t w o cl ust ers  wit h diff er e nt s ur vi v al r at es; t h e  m et h o d i d e nti fi e d 1 8  m R N As a n d
3 8 pr ot ei ns as disti n ct  m ol e c ul es a m o n g s u bt y p es.  A n ot h er st u d y pr o p os e d a  m o di fi e d
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i Cl ust er  m o d el t o dis c o v er k e y pr o c ess es i n t h e t u m o ur c oll e cti o n t hr o u g h u ns u p er vis e d
i nt e gr ati o n of  m ulti pl e t y p es of  m ol e c ul ar d at a a n d f u n cti o n al a n n ot ati o ns (Bis m eij er,
C a nisi us  &  W ess els, 2 0 1 8 ). F urt h er, M o et al. ( 2 0 1 7) d es cri b e d a n o v el  m o di fi c ati o n
(i Cl ust er B a y es) c a p a bl e of j oi ntl y  m o d elli n g o mi cs d at a of c o nti n u o us a n d dis cr et e d at a
t y p es f or t h e i d e ntifi c ati o n of t u m o ur s u bt y p es a n d r el e v a nt o mi cs c h ar a ct eristi cs.
I n t h e  w or k of Ki m et al. ( 2 0 1 7) , t h e y  m o difi e d t his pr o c e d ur e t o s u bt y p e p ati e nts usi n g
s e q u e nti al d o u bl e r e g ul aris ati o n.  A n ot h er p at h w a y- b as e d v ari a nt i n c or p or at es p at h w a y
d at a t o gr o u p p ati e nts i nt o c a n c er s u bt y p es ( M all a v ar a p u et al., 2 0 1 9 ).  A d diti o n all y, i n
J e a n- Q u arti er et al. ( 2 0 2 1) cl ust er e d  G B M p ati e nts i nt o s e v er al a g e s u b gr o u ps  wit h
diff er e nt a g e-r el at e d bi o m ar k ers. Fi n all y, a  w or k d e v el o p e d i n N g u y e n et al. ( 2 0 1 7) , n a m e d
PI N S, all o ws o mi cs d at a i nt e gr ati o n a n d  m ol e c ul ar p ati e nt str ati fi c ati o n a ut o m ati c all y.
Wit h t h e a b o v e, t h e tr e n d i n g e n o m e r es e ar c h is e vi d e nt.  A n i n cr e asi n g n u m b er of
w or ks ar e att e m pti n g t o i nt e gr at e t h e gr e at er a m o u nt of i nf or m ati o n pr o vi d e d b y t h e
diff er e nt o mi c d at a i nt o t h eir  m o d els.  D u e t o t h e c o m pl e xit y of c a n c er, str atif yi n g p ati e nts
a c c or di n g t o a si n gl e s o ur c e of i nf or m ati o n is b e c o mi n g o bs ol et e.  T h er ef or e, it is vit all y
i m p ort a nt t o i m pr o v e  m o d els t h at ar e c a p a bl e of  m ulti- o mi c i nt e gr ati o n, as is t h e c as e  wit h
i Cl ust er.  M or e o v er, t h er e is a n e e d of n o v el a p pr o a c h es t o a ut o m at e d  m e di c al d e cisi o n
pi p eli n es b uil di n g o n  m a c hi n e l e ar ni n g, i nf or m ati o n f usi o n a n d e x pl ai n a bilit y ( H ol zi n g er
et al., 2 0 2 1 ; B arr e d o  Arri et a et al., 2 0 2 0 ).
M e di c al i m a gi n g a s a  d at a s o ur c e f or  M L al g orit h m s
A n i m p ort a nt e v e nt o c c urr e d i n 2 0 1 2 d uri n g t h e c el e br ati o n of t h e I m a g e N et L ar g e- S c al e
Vis u al  R e c o g niti o n  C h all e n g e (I L S V R C) ( R uss a k o vs k y et al., 2 0 1 5 ).  A d e e p l e ar ni n g  m o d el
(s p e cifi c all y, a  C N N) h al v e d t h e s e c o n d b est err or r at e i n t h e i m a g e cl assi fi c ati o n t as k.
T h e g o al of t his c h all e n g e  w as t h e d et e cti o n of o bj e cts a n d t h e cl assi fi c ati o n of i m a g es usi n g
a l ar g e-s c al e d at a b as e. F urt h er m or e, d e e p l e ar ni n g al g orit h ms c a n a ut o m ati c all y fi n d
t h e b est s u bs et of f e at ur es t h at d es cri b e t h e n u a n c es of i m a g es. I n a d diti o n, tr a nsf er
l e ar ni n g  w as b or n e: a n att e m pt t o r e us e t h e r e pr es e nt ati o n of t h e l e ar ni n g c h ar a ct eristi c of
o n e pr o bl e m t o s ol v e a n ot h er.
D e e p l e ar ni n g t e c h ni q u es ar e o n t h e ris e i n c a n c er r es e ar c h, n a m el y f or o bj e ct d et e cti o n
a n d i m a g e cl assi fi c ati o n. I niti ati v es s u c h as  T C G A off er t h e p ossi bilit y of tr ai ni n g d e e p
l e ar ni n g  m o d els b y  m a ki n g a l ar g e q u a ntit y of bi o m e di c al i m a g es a v ail a bl e f or r es e ar c h.
S p e ci fi c all y,  T C G A pr o vi d es t w o t y p es of i m a g es: tiss u e sli d e a n d di git al i m a gi n g a n d
c o m m u ni c ati o ns i n  m e di ci n e ( DI C O M) i m a g es.  DI C O M i m a g es s u c h as  X-r a ys or
c o m p ut e d t o m o gr a p h y ( C T), ar e us e d t o e xtr a ct q u a ntit ati v e c h ar a ct eristi cs fr o m t h e
i m a g es.  Al g orit h ms ar e tr ai n e d t o i d e ntif y t h os e c h ar a ct eristi cs.  Hist o p at h ol o gi c al i m a g es
ar e us e d f or dir e ct i m a g e pr o c essi n g.
As dis c uss e d i n pr e vi o us s e cti o ns, t h e  T C G A c o ns orti u m h as us e d d e e p l e ar ni n g
m et h o ds ( S alt z et al., 2 0 1 8 ). S p e cifi c all y, t h e y us e d  C N N t o d et e ct t u m o ur-i n fi ltr ati n g
l y m p h o c yt es ( TI Ls) b as e d o n  H & E i m a g es i n 1 3 t u m o ur t y p es.  T h e y r e p ort e d a l o c al
s p ati al str u ct ur e i n t h e  TI L p att er ns a n d t h eir c orr el ati o n  wit h o v er all s ur vi v al.  T h es e d at a
m o dif y d e nsiti es a n d s p ati al str u ct ur e a m o n g t u m o ur t y p es, i m m u n e s u bt y p es a n d
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m ol e c ul ar t u m o ur s u bt y p es. S p ati al i n fi ltr ati o n of l y m p h o c yt es  mi g ht r efl e ct p arti c ul ar
a b err ati o n st at es of t u m o ur c ells.
B as e d o n t h es e fi n di n gs, s e v er al st u di es h a v e us e d t his a n d ot h er r e p osit ori es t o cr e at e
t h eir o w n  m o d els. It is i m p ort a nt t o disti n g uis h a m o n g d at a t y p es.  O n t h e o n e h a n d, t h er e
ar e  w or ks t h at h a v e us e d r a di ol o gi c al i m a g es f or t h e cl assi fi c ati o n of st a g es of gli o m as
(P ar k et al., 2 0 1 9 ). I n t his  w or k, t h e y di d n ot us e t h e r a di ol o gi c al i m a g es dir e ctl y; r at h er,
t h e y e xtr a ct e d 2 5 0 c h ar a ct eristi cs fr o m t h e m t o tr ai n t h eir  m o d els, o bt ai ni n g a n ar e a
u n d er t h e r e c ei v er o p er ati n g c h ar a ct eristi c c ur v e ( A U R O C) of 7 2 %.  N ot a bl y, t his  m o d el,
w hi c h  w as v ali d at e d  wit h v er y h et er o g e n e o us c o h orts s u c h as  T C G A, c o nsi d er a bl y r e d u c e d
t h e p erf or m a n c e.  T h es e r es ults i n di c at e t h at  m a n u al e xtr a cti o n of c h ar a ct eristi cs d o es
n ot pr o vi d e s uf fi ci e nt g e n er alis ati o n.
S u n et al. ( 2 0 1 8 b) utilis e d c o ntr ast- e n h a n c e d  C T i m a g es a n d  R N A S e q d at a t o ass ess
C D 8 c ell i n fi ltr ati o n i n t u m o ur bi o psi es.  T h e y fi rst e xtr a ct e d f e at ur es fr o m b ot h t y p es of
d at a t o ulti m at el y k e e p ei g ht f e at ur es a n d tr ai n a n el asti c- n et r e g ul aris e d r e gr essi o n
m et h o d.  T h e y us e d t his si g n at ur e t o pr e di ct t h e r es p o ns e t o a nti- pr o gr a m m e d c ell d e at h
pr ot ei n 1 ( P D 1) or a nti- pr o gr a m m e d d e at h-li g a n d 1 ( P D L 1) tr e at m e nts.  M a g n eti c
r es o n a n c e i m a gi n g ( M RI)  w as us e d i n t o pr e di ct t h e st at us of  M G M T, a pr o m ot er of
m et h yl ati o n t h at h as b e e n r el at e d t o b ett er o ut c o m es o n  G B M p ati e nts i nt e gr at e d  wit h
e x pr essi o n d at a ( a c c ur a c y of 7 3 %; ( K a n as et al., 2 0 1 7 )).
Fisc h er et al. ( 2 0 1 8) r e p ort e d a n e w  m et h o d f or hist o p at h ol o gi c al i m a g e a n al ysis — s p ars e
c o di n g — usi n g a di cti o n ar y o pti mis e d f or bi o m e di c al i m a g es.  T h e y st at e d t h at t h e y
g e n er all y o bt ai n e d b ett er p erf or m a n c e r at es c o m p ar e d t o tr a nsf er l e ar ni n g. I n Y u et al.
( 2 0 1 6), t h e y pr e di ct e d t h e pr o g n osis of n o n-s m all c ell l u n g t u m o urs.  Usi n g t h e  C ell Pr ofi l er
s oft w ar e, t h e y e xtr a ct e d 9, 8 7 9 q u a ntit ati v e c h ar a ct eristi cs a n d tr ai n e d diff er e nt al g orit h ms,
s u c h as S V M or r a n d o m f or est. Fi n all y,  wit h a v ari a nt of t h e S V M al g orit h m, t h e y
a c hi e v e d a n  A U R O C of 8 1 %. B esi d es, t h e y d e v el o p e d a l o w- c o m pl e xit y  m et h o d f or
cl assi fi c ati o n a n d dis e as e gr a di n g i n hist o p at h ol o gi c al i m a g es.  T his  m et h o d — dis cri mi n ati v e
f e at ur e- ori e nt e d di cti o n ar y l e ar ni n g ( D F D L)— l e ar ns fr o m s p e cifi c cl ass di cti o n ari es i n s u c h
a  w a y t h at u n d er a dis p ersi o n r estri cti o n, t h e l e ar n e d di cti o n ari es all o ws it t o r e pr es e nt a
n e w i m a g e i n a si m pli fi e d  w a y.  H o w e v er, it is u n a bl e t o r e pr es e nt s a m pl es fr o m ot h er cl ass es.
C o u dr a y et al. ( 2 0 1 8) us e d hist o p at h ol o g y i m a g es of l u n g c a n c ers t o cl assif y s q u a m o us c ell
c ar ci n o m as, a d e n o c ar ci n o m as a n d n or m al s a m pl es  wit h a 9 7 % of  A U R O C. I n t h e  w or k
of C he erl a  &  G e v a ert ( 2 0 1 9) , t h e y  w er e a bl e t o e xtr a ct i nf or m ati o n fr o m s e v er al d at as ets a n d
o bt ai n a  m o d el c a p a bl e t o pr e di ct p ati e nt pr o g n osis. Ert os u n  &  R u bi n ( 2 0 1 5) s u bt y p e d
gli o m as  wit h  C N N al g orit h ms b y usi n g r a w i m a g es f or t his t as k; t h er e  w as  m or e t h a n
9 0 % a c c ur a c y f or gli o m a cl assi fi c ati o n a n d al m ost 8 0 % f or gli o m a gr a d e i d e nti fi c ati o n.
R e n dle m a n et al. ( 2 0 1 9) us e d a  C N N t o e v al u at e disti n ct hist ol o gi c al t u m o ur gr o wt h p att er ns
s u c h as s oli d,  mi cr o p a pill ar y, a ci n ar a n d cri brif or m ( 8 4 % a c c ur a c y).  A n i m p ort a nt  w or k  w as
d e v el o p e d i n J a n o wc z y k et al. ( 2 0 1 9).  T h e y d e v el o p e d a n u ns u p er vis e d e n c o d er t o c o m pr ess
f o ur d at a  m o d aliti es, i n cl u di n g  w h ol e sli d e i m a g es ( W SIs), i nt o a si n gl e f e at ur e v e ct or f or
e a c h p ati e nt.  T h e  m o d el  w as tr ai n e d  wit h  T C G A d at a a n d pr e di ct si n gl e c a n c er o v er all
s ur vi v al, a c hi e vi n g a  C-i n d e x of 0. 7 8 o v er all.
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It is i m p ort a nt t o hi g hli g ht t h e n e e d t o pr e- pr o c ess t h e hist o p at h ol o gi c al i m a g es b ef or e
t h eir a n al ysis.  T his st e p is cr u ci al t o a c hi e v e gr e at p erf or m a n c es i n t h e  m o d els.  T h e i m a g es
h o us e d i n  T C G A ar e n ot h o m o g e n e o us i n si z e, s h a p e a n d bri g ht n ess.  T h er ef or e, it is
n e c ess ar y t o us e a pr e- pr o c essi n g st a g e i n or d er t o st a n d ar dis e all t h e i m a g es b ef or e t h e
a n al ysis.  O p e n s o ur c e t o ols as  Hist o Q C ( J a n o wc z y k et al., 2 0 1 9) ar e r el e v a nt i n t h e
e xtr a cti o n of k n o wl e d g e a n d t h e g o o d us e of i m a g es i n r es e ar c h.
Bi ol o gi c al  q u e sti o n s s ol v e d  b y  M L al g orit h m s
I n a d diti o n t o all t h e e xisti n g o mi cs d at a i n  T C G A, t h e i n cl usi o n of t h e cli ni c al i nf or m ati o n
fr o m e a c h p ati e nt i n cr e as es t h e a bilit y t o g e n er at e a n al yti c al  m o d els.  T h e d e p e n d e nt
v ari a bl e i n s u p er vis e d l e ar ni n g pr o bl e ms c a n p ot e nti all y b e a n y of t h e 1 0 0 cli ni c al
o ut c o m es off er e d b y  T C G A, d e p e n di n g o n t h e bi ol o gi c al r es p o ns e t o b e a ns w er e d. F or
cl assi fi c ati o n pr o bl e ms, r es e ar c h ers h a v e i nf or m ati o n o n t h e a n at o mi c al di visi o n of t h e
n e o pl as m, t h e cli ni c al st a g e of t h e p ati e nt,  T N M st at us,  M SI st at us, et h ni cit y, a g e a n d
g e n d er, s ur vi v al a n d/ or r el a ps e of t h e t u m or a m o n g ot h ers.  T h us,  w e c a n i nf er  w h et h er  w e
c a n pr e di ct t h e a n at o mi c al di visi o n of t h e t u m o ur or its cli ni c al st a g e fr o m t h e  m et h yl ati o n
m ar ks of t h e p ati e nts ( a m o n g ot h er p ossi biliti es). F or r e gr essi o n,  w e c a n us e t h e i niti al
a g e at di a g n osis or t h e pr o g n osis of t h e p ati e nt b y  m e a ns of t h e  K ar n ofs k y P erf or m a n c e
St at us S c al e.  Als o, i n d e p e n d e ntl y of cli ni c al d at a, cl assi fi c a ci o n a n d r e gr essi o n  m o d els
c o ul d b e cr e at e d t o d et er mi n at e ot h er o mi cs o ut c o m es. F or i nst a n c e, s o br e e x pr essi o n of
dri v er g e n es,  m et h yl ati o n st at us or  m ut ati o n t y p es. I n a d diti o n, t h e d at a st or a g e d i n  T C G A
r e p osit or y all o ws a n y p ot e nti al r es e ar c h er t o st u d y s ur vi v al i n t h e c o h ort: it pr es e nts
d at a o n lif e st at us a n d t h e d a ys t h at h a v e el a ps e d b et w e e n e v e nts, s u c h as t h e d e at h of t h e
p ati e nt or ot h er e v e nts of i nt er est (r el a ps e or dis e as e-fr e e s ur vi v al).
T h e q u a nti fi c ati o n of t h e n u m b er of p a p ers p u blis h e d f or e a c h c a n c er s u bt y p e is s h o w n
i n Fi g. 3 .  As s h o w n i n t his fi g ur e, t h e  m ost us e d ar e t h os e  wit h t h e hi g h est n u m b er of
s a m pl es: B R C A, L U A D a n d  O V.  T h e gr e at n u m b er of di m e nsi o ns a n d o bs er v ati o ns,
t o g et h er  wit h t h e l ar g e n u m b er of a v ail a bl e cli ni c al v ari a bl es ( p at h ol o gi c al st at e,  T N M
cl assi fi c ati o n st at us, dr u g eff e ct, tr e at m e nt r es p o ns e, et c.) g e n er at es a n i d e al d at a a n al ysis
e n vir o n m e nt f or t h e us e of b ot h s u p er vis e d a n d u ns u p er vis e d  M L t e c h ni q u es. F or
s u p er vis e d l e ar ni n g pr o bl e ms, c o nti n g e nt o n t h e d e p e n d e nt v ari a bl e t o b e pr e di ct e d, t h es e
pr o bl e ms  m a y b e r e gr essi o n ( p ati e nt s ur vi v al ti m e, e x pr essi o n of a s p e ci fi c g e n e or
i n di vi d u al a g e) or cl assifi c ati o n ( cl assi fi c ati o n of p ati e nts a c c or di n g t o s o m e dri v er g e n e
st at us, dis e as e or  m et ast asis st a g es, et c.) pr o bl e ms. I n t er ms of u ns u p er vis e d l e ar ni n g
pr o bl e ms,  m ost  w or k f o c us es o n fi n di n g n e w s u bt y p es of t h e dis e as e.  As f or t h e ot h er
t u m o urs, t h er e is a si g nifi c a nt d e cr e as e i n t h e n u m b er of p u bli c ati o ns,  m ai nl y d u e t o t h e
n u m b er of s a m pl es c oll e ct e d.  T his f a ct is d u e t o t h e i ntri nsi c f u n cti o ni n g of t h e  M L
al g orit h ms,  w hi c h, b e c a us e t h e y  w or k o n t h e b asis of e x a m pl es, ar e a bl e t o g e n er alis e  m or e
as t h e n u m b er of o bs er v ati o ns i n t h eir tr ai ni n g p h as e i n cr e as es.  W e c a n o bs er v e i n t h e
Fi g. 3 als o h o w t h er e ar e s e v er al  w or ks t h at us e diff er e nt c o h orts i n t h e s a m e a n al ysis.
Aft er r e vi e wi n g t h es e p a p ers, t w o tr e n ds h a v e b e e n o bs er v e d i n t his t y p e of arti cl e.
Firstl y, t h er e ar e t h os e t h at tr ai n  m o d els t o pr e di ct cr oss-s e cti o n al a n d/ or b asi c c o n diti o ns
of t u m o urs. F or e x a m pl e, i n Fisc h er et al. ( 2 0 1 8) t h e y pr e di cts  M SI st at us fr o m
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hist o p at h ol o gi c al i m a g es. I n t his c as e, t h e diff er e nt  T C G A c o h orts ar e tr e at e d t o g et h er f or
t h e tr ai ni n g of t h e  m o d els.  O n t h e ot h er h a n d, ot h er  w or ks h a v e b e e n i d e ntifi e d i n
w hi c h t h e c o h orts ar e us e d i n d e p e n d e ntl y.  T h es e  w or ks ar e  m ai nl y b as e d o n  m o d el
i m pr o v e m e nts or d e v el o p m e nt of n e w t e c h n ol o gi es t h at ar e t h e n t est e d  wit h e a c h c o h ort.
T his is t h e e x a m pl e of C h e n et al. ( 2 0 1 8 b) ,  w h er e t h e y d e v el o p a n e w  m o d el of
a ut o e n c o d ers f or t h e s e ar c h of n e w g e n eti c si g n at ur es.  T his  m o d el is l at er v ali d at e d i n e a c h
of t h e a v ail a bl e  T C G A c o h orts.  A n ot h er e x a m pl e is C h e erl a  &  G e v a ert ( 2 0 1 7) ,  w h er e t h e y
o bt ai n a  m o d el t h at r e c o m m e n ds t h e t y p e of tr e at m e nt fr o m  mi R N A e x pr essi o n d at a.
T his r e c o m m e n d ati o n is v ali d at e d i n t h e diff er e nt  T C G A c o h orts.  T h er ef or e, t h er e ar e
m a n y a p pr o a c h es t h at c a n b e us e d b y r es e ar c h ers t o us e t his t y p e of d at a.
I n t his r e vi e w,  w e cl assif y t h e i d e ntifi e d  w or ks o n fi v e  m aj or gr o u ps a c c or di n g bi ol o gi c al
pr o bl e m s ol v e d.  Alt h o u g h t h er e ar e  m or e t h a n 1 0 0 v ari a bl es i n t h e  T C G A cli ni c al
d at a b as e, t h er e is v er y littl e v ari a bilit y o bs er v e d i n t h e t y p e of a n al ys e d pr o bl e ms.
I n or d er t o o bs er v e t h e distri b uti o n of p u bli c ati o ns a c c or di n g t o t his t y p e of
cl assi fi c ati o n al o n g t h e diff er e nt t y p es of t u m o urs, p a y att e nti o n t o t h e Fi g. 4 . Fi g ur e 4
s h o ws t h e distri b uti o n of t h e p u blis h e d p a p ers a c c or di n g t o t h e diff er e nt t y p es of t u m ors
a n d t h e t y p e of bi ol o gi c al pr o bl e m.  T h e diff er e nt bi ol o gi c al pr o bl e ms s h o w a diff er e nt
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Fi g u r e 3 N u m b e r of p a p e rs p u blis h e d  wit h e a c h of t h e  T C G A c o h o rts. U ps et pl ot s h o wi n g t h e n u m b er
of  w or ks p u blis h e d  wit h e a c h t u m or t y p e a n d t h eir c o m bi n ati o ns.
F ull-si z e D OI: 1 0. 7 7 1 7/ p e erj- cs. 5 8 4/ fi g- 3
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c o m m o n i n  G B M c o h orts. I n t his c as e  G B M is a t y p e of t u m o ur  wit h hi g h  m ort alit y r at es,
s o it is a c o h ort  w h er e t h er e ar e n u m er o us e v e nts  wit h  w hi c h r o b ust  M L  m o d els c a n b e
cr e at e d. F oll o wi n g  G B M,  O V a n d L U A D c o h orts  w er e t h e  m ost us e d. F urt h er m or e,
it is o bs er v e d h o w t his t y p e of pr o bl e m is a d dr ess e d i n diff er e nt c o h orts.  T his is n ot t h e
c as e f or  M SI pr e di cti o n, as f e w t u m o urs ar e d e fi n e d b y  M SI st at us.  T h e  m ost c o m m o n o n es
i n t his c as e ar e  C O A D,  R E A D, S T A D a n d  U C E C. P a yi n g att e nti o n t o t h e pr e di cti o n of
s u bt y p es,  w e s e e t h at t h e B R C A c o h ort is t h e  m ost us e d.  R e g ar di n g t h e i m m u n ol o gi c al
p h e n ot y p e, t h e  w or ks h a v e us e d c o h orts  m ai nl y of s oli d t u m o urs,  w hi c h ar e t h e o n es
t h at pr es e nt t h e b est r es p o ns e t o tr e at m e nts  wit h i m m u n ol o gi c al t h er a pi es. Fi n all y, f e w
t u m o urs h a v e b e e n a d dr ess e d i n t h e pr e di cti o n of p at h w a ys.  T h e  w or ks i d e ntifi e d us e d t h e
O V,  C O A D, L U A D a n d B R C A c o h orts.  T h e f oll o wi n g s e cti o ns ar e a r e vi e w of t h e  w or ks
a c c or di n g t o t h e fi v e cl ass es i d e nti fi e d.
Pr o g n o si s  pr e di cti o n
T h e pr o g n osis i n t h e diff er e nt t y p es of c a n c er v ari es gr e atl y d u e t o t h eir h et er o g e n eit y,
t h eir e n vir o n m e nt a n d t h eir u ni q u e b e h a vi o ur i n e a c h p ati e nt. It is t h er ef or e cr u ci al t o b e
a bl e t o pr e di ct t h e e v e nts t h at  will d e v el o p i n t h e p ati e nt a n d h a v e a dir e ct eff e ct o n t h e
pr o g n osis of t h e c a n c er.  T h es e e v e nts c a n b e d e at hs, r e c urr e n c e a n d/ or r el a ps e e v e nts,
m et ast as es or t h e cl assi fi c ati o n of p ati e nts i nt o s p e ci fi c st a g es.  N u m er o us st u di es h a v e b e e n
i d e ntifi e d t h at h a v e a d dr ess e d t his fi el d of st u d y  wit h  M L- b as e d a n al ys es.
Wit hi n t his c at e g or y,  m a n y of t h e p a p ers i d e nti fi e d h a v e ai m e d t o pr e di ct e v e nts r el at e d
t o p ati e nt s ur vi v al ti m e. F urt h er m or e, it h as b e e n o bs er v e d t h at e x pr essi o n d at a ar e t h e
m ost us e d i n t his t y p e of pr o bl e m, d u e t o t h eir b ett er p erf or m a n c e i n pr e di cti o ns, t o g et h er
wit h  m et h yl ati o n d at a ( St e p h e n  & L e wis, 2 0 1 3 ). I n W o n g,  R ost o mil y  &  W o n g ( 2 0 1 9)
t h e y us e t h e m as i n p ut fr o m a d e e p l e ar ni n g n et w or k,  w hil e i n F at ai  &  G a mi el di e n ( 2 0 1 8)
t h e y us e t h e S V M al g orit h m. I n b ot h pr o bl e ms t h e y o bt ai n e d g e n e si g n at ur es t h at  w er e
O V B L C A C O A D  G B M R E A D S T A D  U C E C KI R C L U A D L U S C LI H C  H N S C B R C A S K C M L G G P R A D L A M L KI P A N
S u bt y p es 0 0 0 0 0 0 0 1 0 0 0 1 5 0 0 1 1 2
M SI 0 0 2 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
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hi g hl y c orr el at e d  wit h t h e s ur vi v al e v e nts of t h e p ati e nts.  Ot h er  w or ks h a v e a d dr ess e d t his
t y p e of pr o bl e m b y i nt e gr ati n g e x pr essi o n d at a  wit h ot h er d at a s ets. F or e x a m pl e, i n
Y ass er et al. ( 2 0 1 8) , usi n g F S t e c h ni q u es, t h e y o bt ai n e d s u b gr o u ps of f e at ur es fr o m
s ets of  A N C,  m et h yl ati o n a n d e x pr essi o n. I n Z h a n g et al. ( 2 0 1 6) , t h e y a d d a l a y er of
c o m pl e xit y, a d di n g t o t h e i nt e gr ati o n of  mi R N A d at a b y  m e a ns of  m ulti pl e k er n el a n d F S
t e c h ni q u es.  T his t e c h ni q u e  w as als o us e d i n Sri v ast a v a et al. ( 2 0 1 3) f or t h e i nt e gr ati o n of
e x pr essi o n a n d  mi R N A d at a.  O n t h e ot h er h a n d, o n e p a p er h as us e d o nl y l n c R N A d at a
c a p a bl e of pr e di cti n g s ur vi v al e v e nts o v er 1 9  m o nt hs ( C h e n g, 2 0 1 8 ).  W or ks  w er e als o
i d e ntifi e d t h at h a v e a d dr ess e d t his pr o bl e m fr o m hist o p at h ol o gi c al i m a g es. I n t h es e c as es,
t h e y e xtr a ct c h ar a ct eristi cs fr o m t h e i m a g es i n or d er t o tr ai n diff er e nt t y p es of  M L
al g orit h ms a n d b e a bl e t o pr e di ct s ur vi v al ti m es a n d/ or e v e nts ( I n g et al., 2 0 1 7; Y u et al.,
2 0 1 6 ; P o w ell et al., 2 0 1 7 ).
I n a d diti o n t o s ur vi v al e v e nts a n d ti m es, t h er e ar e ot h er e v e nts t h at ar e i nt er esti n g t o
pr e di ct f or cli ni c al pr a cti c e. I n t his c as e, t h e e v e nts of t u m o ur r e c urr e n c e,  w hi c h ar e  w h e n
t h e t u m o ur is d et e ct e d a g ai n aft er a tr e at m e nt pr o c ess.  K n o wi n g, t h er ef or e, t h e
pr o b a biliti es of a c a n c er r el a ps e i n a gi v e n p ati e nt is i nt er esti n g f or cli ni ci a ns.  Usi n g t h e  M L
a p pr o a c h, t his pr o bl e m h as b e e n a d dr ess e d  m ai nl y  wit h tr a ns cri pt o mi c al e x pr essi o n d at a.
F or e x a m pl e, i n W a n g et al. ( 2 0 1 8) , fr o m  mi R N A d at a, l n c R N A a n d  m R N A i d e ntifi e d
3 6 f e at ur es c a p a bl e of cl assif yi n g  wit h 9 1 % a c c ur a c y  w h et h er a t u m o ur  will r e c ur or n ot.
I n Z h o u et al. ( 2 0 1 8) , S u n et al. ( 2 0 1 8 a) , X u et al. ( 2 0 1 7) , si mil ar p erf or m a n c es  w er e
o bt ai n e d  wit h  R N A S e q d at a,  w hil e i n W ei ( 2 0 1 8) fr o m  R N A S e q d at a pr e di ct  m et ast asis
pr o c ess es.  O n t h e ot h er h a n d, i n F e n g et al. ( 2 0 1 8) t h e y pr e di ct e d r e c urr e n c e b as e d o n d at a
fr o m t h e t u m o ur  mi cr o e n vir o n m e nt.
Us u all y t h e diff er e nt t y p es of t u m o urs ar e cl assi fi e d i n diff er e nt st a g es  w hi c h c orr el at e
wit h diff er e nt pr o g n os es.  T h er ef or e, t his h as b e e n a n ot h er pr o bl e m a d dr ess e d b y t h e
r es e ar c h ers, i n  w hi c h t h e  M L h as b e e n a bl e t o off er a s ol uti o n.  A g ai n, t h e  R N A S e q d at a
w er e t h e  m ost us e d t o a d dr ess t his pr o bl e m. I n F a n et al. ( 2 0 1 8) , t h e y o bt ai n e d a si g n at ur e
of 1 2 g e n es c a p a bl e of disti n g uis hi n g p ati e nts  wit h l u n g c a n c er  wit h diff er e nt ris ks,  w hil e
i n C h e n et al. ( 2 0 1 7) t h e y i d e ntifi e d p at h w a ys of i nt er est c a p a bl e of cl assif yi n g t h e
diff er e nt st a g es of l u n g a d e n o c ar ci n o m a. F or e x a m pl e, i n Y a n g,  X u  & Z e n g ( 2 0 1 8) , t h e y
us e d o nl y t h e f e at ur es c orr es p o n di n g t o l n c R N A, o bt ai ni n g a si g n at ur e of si x l n c R N A
c a p a bl e of cl assif yi n g p ati e nts  wit h  m el a n o m a a c c or di n g t o t h eir st a g es.
I m m u n ol o gi c al  p h e n ot y p e  pr e di cti o n
C urr e ntl y, o n e of t h e  m ost s u c c essf ul a n d pr o misi n g t h er a pi es a g ai nst c a n c er ar e dr u gs t h at
a ct a g ai nst i m m u n e c h e c k p oi nt i n hi bit ors (I CI).  T h es e dr u gs bl o c k t h e pr ot ei ns pr o d u c e d
b y c ert ai n i m m u n e c ells t o pr e v e nt i m m u n e r es p o ns es fr o m b e c o mi n g t o o str o n g.  T h e
a cti v ati o n of t h es e c h e c k p oi nts c a n c a us e t h e c ells of o ur i m m u n e s yst e m n ot t o b e a bl e t o
kill t h e c a n c er c ells.  T h e tr e at m e nt of  m ost t y p es of t u m o urs is h el p e d b y t his t y p e of
t h er a p y, alt h o u g h t h er e ar e s o m e t h at d o n ot r es p o n d i n t h e s a m e  w a y.  T his is t h e c as e
of  H G S O C t u m o urs. I n D ai et al. ( 2 0 1 8) , t h e y a n al ys e d g e n o mi c d at a fr o m  H G S O C
p ati e nts t o pr e di ct t h eir i m m u n e p h e n ot y p e of t h e t u m o ur  mi cr o e n vir o n m e nt.  Aft er a
c o m p aris o n  wit h t h e a n al ysis of ot h er s oli d t u m o urs, s u c h as B L C A, S K C M,  KI R C, L U S C
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a n d L U A D, t h e y i d e nti fi e d t e n d o mi n a nt f a ct ors t h at d et er mi n e t h e i m m u n o g e ni cit y of
H G S O Cs.  Usi n g t h e  M L t h e y  w er e a bl e t o cl assif y t u m o urs  wit h hi g h a n d l o w c yt ol yti c
a cti vit y, n oti n g als o t h at  m ut ati o ns i n B R C A 1  m a y b e a g o o d pr e di cti v e bi o m ar k er f or
g ui di n g I CI t h er a pi es of  H G S O C p ati e nts.
M or e o v er, t h e y d e v el o p e d a n d i n d e p e n d e ntl y v ali d at e d a n ei g ht-f e at ur e si g n at ur e b as e d
o n  C D 8 c ell r a di o mi c i m a gi n g f or t h e r es p o ns e t o ( P D)- 1 a n d ( P D- L 1).  T his i m a gi n g
pr e di ct or pr o vi d es a pr o misi n g  w a y t o pr e di ct t h e i m m u n ol o gi c p h e n ot y p e of t u m ors a n d
i nf er cli ni c al o ut c o m es f or c a n c er p ati e nts  w h o h a d b e e n tr e at e d  wit h a nti- P D- 1 a n d
P D- L 1.
P at h w a y s  pr e di cti o n
S o m e of t h e g e n eti c dri v ers s p e ci fi c t o e a c h t u m o ur ar e  w ell k n o w n, as  w ell as c ert ai n
p at h w a ys t h at i n fl u e n c e t h e pr o c ess of t u m o ur d e v el o p m e nt.  Alt h o u g h t h e i d e nti fi c ati o n of
st at us is a c o m pl e x iss u e, it h ol ds a gr e at d e al of i nf or m ati o n i n t h e di a g n osis a n d tr e at m e nt
of p ati e nts.  T his is  w h y r es e ar c h ers h a v e a d dr ess e d t his pr o bl e m usi n g  M L t e c h ni q u es.
Aft er t h e r e vi e w c arri e d o ut i n t his  w or k,  w or ks h a v e b e e n d et e ct e d t h at  w er e a bl e t o  m o d el
t his pr o bl e m.  M ost of t h e m ar e b as e d o n  R N A S e q d at a,  wit h  w hi c h t h e y i nf er t h e st at us of
diff er e nt c a n c er dri v er p at h w a ys ( R y k u n o v et al., 2 0 1 6 ), d a m a g e d p at h w a ys (Kl ei n, St er n  &
Z h a o, 2 0 1 7 ) a n d l e v el of a p o pt osis (S al v ucci et al., 2 0 1 7 ). I n C h e n et al. ( 2 0 1 2) ,  R N A S e q
d at a a n d c o p y n u m b er d at a ar e us e d t o d et e ct p at h w a ys c a p a bl e of diff er e nti ati n g
e x pr essi o n p att er ns b et w e e n diff er e nt p h e n ot y p es. I n t h e c as e of O u- Y a n g et al. ( 2 0 1 7) ,
t h e y d e v el o p e d a cr oss- pl atf or m  m et h o d f or t h e i d e ntifi c ati o n of n e w  m ol e c ul ar p at h w a ys
r el at e d t o t u m o ur t y p es.
M SI st at u s  pr e di cti o n
Mi cr os at ellit e i nst a bilit y is t h e  m ut ati o n pr e dis p ositi o n of c ert ai n t u m o urs d u e t o d ef e cts i n
t h e  D N A  mis m at c h r e p air  m a c hi n er y. It is of gr e at i m p ort a n c e t o i d e ntif y  M SI st at us
i n c ert ai n t u m o urs as it is a gr e at pr e di ct or a n d  m ar k er f or di a g n osis a n d tr e at m e nt. I n t his
r e vi e w t w o p a p ers  w er e i d e nti fi e d t h at h a v e a d dr ess e d t his pr o bl e m  wit h  M SI t e c h ni q u es.
T h e fi rst of t h es e, c all e d W a n g  & Li a n g ( 2 0 1 8) , cl assifi e d t h e diff er e nt  M SI s u bt y p es
b as e d o n  m ut ati o n al a n n ot ati o n d at a.  T h e y us e d a n S V M al g orit h m a n d o bt ai n e d a
t ot al a c c ur a c y of 0. 9 1 f or t h e  C O A D,  R E A D, S T A D a n d  U C E C c o h orts.  T h e y us e d a t ot al
of 2 2 f e at ur es f or t h e cl assi fi c ati o n, s u c h as t h e c o u nt of S N Ps, i n d els, t ot al  m ut ati o ns,
miss e n c e  m ut ati o ns or t h e r ati o b et w e e n  m ut ati o ns a n d S N Ps.  O n t h e ot h er h a n d, i n
C h e n et al. ( 2 0 1 8c) t h e y  m a d e a cl assifi c ati o n fr o m t h e e x pr essi o n d at a.  Usi n g  M L
al g orit h ms a n d F S t e c h ni q u es t h e y o bt ai n e d a cl assi fi er c a p a bl e of dis c er ni n g t h e
diff er e nt s u bt y p es.
S u bt y p e s  pr e di cti o n
Fi n all y, a n ot h er pr o bl e m t h at h as b e e n a d dr ess e d b y r es e ar c h ers a n d  w h er e  M L t e c h ni q u es
c a n c o ntri b ut e si g ni fi c a ntl y is t h e pr e di cti o n of t h e diff er e nt s u bt y p es of t h e dis e as e.
It is i nt er esti n g t o r e c o g nis e  w hi c h ar e t h e diff er e nt o mi c d at a s ets t h at h ol d e n o u g h
i nf or m ati o n t o b uil d a cl assifi c ati o n s yst e m r o b ust e n o u g h t o o bt ai n t h e a p pr o pri at e yi el ds.
As us u al,  R N A S e q  w as t h e t e c h ni q u e p ar e x c ell e n c e fr o m  w hi c h t h e d at a  w er e o bt ai n e d
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t o tr ai n t h e  m o d els (Y a n g et al., 2 0 1 4 ; Gr a u d e n zi et al., 2 0 1 7 ; G a o et al., 2 0 1 7 ). I n a d diti o n,
t h e e x pr essi o n d at a  w er e c o m bi n e d  wit h ot h er s ets s u c h as  mi R N A (Wil o p et al., 2 0 1 6 ;
N air et al., 2 0 1 5 ),  m et h yl ati o n (List et al., 2 0 1 4 ) or  mi R N A a n d  m et h yl ati o n (N g u y e n
et al., 2 0 1 7 ).
I n a d diti o n t o e x pr essi o n d at a, t w o p a p ers h a v e us e d e x cl usi v el y i m a g e d at a t o
cl assif y s u bt y p es of t h e dis e as e. Firstl y fr o m  M RI i m a g es ( S utt o n et al., 2 0 1 7 ) a n d  wit h
q C T- T A d at a ( K oc a k et al., 2 0 1 8 ).  Ot h er  w or k, f or e x a m pl e, us e d  m ut ati o n d at a (V ur al,
W a n g  &  G u d a, 2 0 1 6 ) a n d  mi R N A d at a (M u h a m e d  Ali et al., 2 0 1 8 ).
It is l o gi c al t o t hi n k t h at t h e  M L al g orit h ms n o w att e m pt t o a n al ys e t h e  m ost st u di e d
pr o bl e ms t o d et er mi n e  w h et h er t h e y c a n r e a c h t h e s a m e c o n cl usi o ns as c o n v e nti o n al
st atisti c al a p pr o xi m ati o ns. I n g e n er al,  M L a p pr o xi m ati o ns a n al ys e t h e i m p ort a n c e of
e a c h of t h e v ari a bl es i n t h e d at as et  wit h o ut  m a ki n g a n y a pri ori ass u m pti o ns, s o t h e
g e n er alis ati o n of t h e  m o d el d o es n ot h a v e t o b e b as e d o n i n h er e nt bi ol o gi c al k n o wl e d g e of
t h e d at a.  Alt h o u g h t h er e ar e  M L a p pr o xi m ati o ns t h at b as e t h e s el e cti o n of g e n es fr o m e a c h
d at a pl atf or m t o c ert ai n p at h w a ys of i nt er est ( S e o a n e et al., 2 0 1 3 ), t his fi el d is still o p e n
fi el d f or n e w a p pr o xi m ati o ns.
O n e st u d y o bs er v e d t h at t h e  M L al g orit h ms r e a c h e d si mil ar c o n cl usi o ns a n d als o
pr o vi d e d a c ert ai n d e gr e e of di v ersit y i n t h e r es ults ( Li ñ ar es Bl a nc o et al., 2 0 1 9 ).  T his
o ut c o m e ai ds t h e e x a mi n ati o n of n e w o mi cs v ari a bl es t h at  mi g ht b e of i nt er est t o st u d y t h e
d e v el o p m e nt of c a n c er.  C a n c er is a  m ultif a ct ori al a n d c o m pl e x dis e as e, s o it  m a k es s e ns e
t h at t h e a n al ysis s h o ul d c o nsi d er t h e diff er e n c es t h at c h ar a ct eris e t h e p ati e nts as a  w h ol e
a n d n ot i n di vi d u all y.
A  d e e p er e x a mi n ati o n  of t h e  B R C A c o h ort
T h e  T C G A c o ns orti u m j oi ntl y a n al ys e d g e n o mi c  D N A c o p y n u m b er arr a ys,  D N A
m et h yl ati o n, e x o m e s e q u e n ci n g,  m R N A arr a ys,  mi R N A s e q u e n ci n g a n d r e v ers e- p h as e
pr ot ei n arr a ys ( T h e  C a nc er  G e n o m e  Atl as  N et w or k, 2 0 1 2 b ). I n t his st u d y, t h e y
d e m o nstr at e d t h e e xist e n c e of f o ur  m ai n cl ass es of br e ast c a n c er b y c o m bi ni n g d at a fr o m
fi v e pl atf or ms; t h er e  w as gr e at h et er o g e n eit y.  M ut ati o ns i n o nl y t hr e e g e n es ( T P 5 3,
PI K 3 C A a n d  G A T A 3) o c c urr e d i n  m or e t h a n 1 0 % of all t h e s a m pl es. I n a d diti o n, t h e y
i d e ntifi e d t w o n e w s u b gr o u ps d e fi n e d b y pr ot ei n e x pr essi o n — pr o d u c e d pri m aril y b y t h e
t u m o ur  mi cr o e n vir o n m e nt. B esi d es, t h e c o m p aris o n of b as al-t y p e br e ast t u m o urs  wit h
hi g h- gr a d e s er o us o v ari a n t u m o urs s h o w e d a  m yri a d of  m ol e c ul ar si mil ariti es, a fi n di n g
t h at i n di c at es a r el at e d a eti ol o g y a n d si mil ar t h er a p e uti c o p p ort u niti es.
I n o n e st u d y (Ciri ell o et al., 2 0 1 5 ), t h e a ut h ors dis c o v er e d t h at i n v asi v e l o b ul ar
c ar ci n o m a (I L C) is a cli ni c all y a n d  m ol e c ul arl y disti n ct dis e as e. I n t his c as e, p ati e nts  wit h
I L C s h o w  C D H 1 a n d P T E N l oss,  A K T a cti v ati o n a n d  m ut ati o ns i n  T B X 3 a n d F O X A 1.  T h e
pr olif er ati o n a n d e x pr essi o n of g e n es r el at e d t o t h e i m m u n e s yst e m d e fi n e d t hr e e I L C
s u bt y p es.
T h e fi n di n gs  m a d e b y  T C G A ar e l e a di n g t h e  w a y i n t h e s e ar c h f or n e w tr e at m e nt
a n d di a g n osti c o p p ort u niti es f or p ati e nts, i n t his c as e,  wit h br e ast c a n c er.  Alt h o u g h t h e
w or k of t h e  T C G A h as b e e n e x h a usti v e, t h e p ossi biliti es off er e d b y gi vi n g fr e e a c c ess t o its
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d at a ar e e n or m o us. F or t his r e as o n,  m a n y r es e ar c h ers h a v e t a k e n t h es e d at a as a r ef er e n c e
a n d h a v e r e p ort e d r es ults of gr e at i nt er est t o t h e c o m m u nit y.
W e i d e nti fi e d s e v er al p u bli c ati o ns t h at utilis e d  M L t o a n al ys e  T C G A B R C A d at a.  T h er e
ar e p u blis h e d  w or ks usi n g  mi R N A d at a ( S h er af ati a n, 2 0 1 8 ),  m et h yl ati o n d at a (H a o et al.,
2 0 1 7 ), e x pr essi o n d at a (W e n, Li  &  C h a n g, 2 0 1 8 ), i nt e gr ati v e a n al ysis of e x pr essi o n a n d
m et h yl ati o n d at a ( C a p p elli, F elici  &  W eitsc h e k, 2 0 1 8 ) a n d e v e n e x pr essi o n d at a fr o m
is o mi Rs (Li a o et al., 2 0 1 8 ).  T h es e  w or ks a c hi e v e d pr o mi n e nt o ut c o m es, n ot a bl y t h e a bilit y
t o i nf er t h at t h e pr o bl e ms of cl assifi c ati o n f or di a g n osis ( h e alt h y or dis e as e p ati e nts) ar e
pr o bl e ms t h at t h e  M L al g orit h ms s ol v e q uit e e asil y, e v e n  wit h diff er e nt t y p es of d at a.
S e v er al p a p ers h a v e b e e n p u blis h e d t o a d dr ess t his p ati e nt str ati fi c ati o n. F or e x a m pl e, t o
cl assif y t h e s u bt y p es of P R, E R a n d  H E R 2  wit h  mi R N A d at a ( S h er af ati a n, 2 0 1 8 ; Li a o et al.,
2 0 1 8 ), t h e st at us of t h e b as al s u bt y p e t hr o u g h t h e a n al ysis of i m a g es  wit h d e e p l e ar ni n g
al g orit h ms ( C hi d est er,  D o  &  M a, 2 0 1 8 ) a n d t h e diff er e nt s u bt y p es of B R C A b y t h e
e x pr essi o n of  m ol e c ul ar p at h w a ys ( Gr a u d e n zi et al., 2 0 1 7 ),  m ut ati o n d at a (V ur al,  W a n g  &
G u d a, 2 0 1 6 ) or e v e n t h e i nt e gr ati o n of e x pr essi o n a n d  m et h yl ati o n d at a ( List et al., 2 0 1 4 ).
C a n c er s u bt y p es c a n b e st u di e d b y u ns u p er vis e d l e ar ni n g t e c h ni q u es a n d t h e i nt e gr ati o n of
diff er e nt d at a ( e x pr essi o n,  m et h yl ati o n,  mi R N A a n d  C N V) ( N g u y e n et al., 2 0 1 7 ).
Fi n all y, ot h er  w or ks h a v e st u di e d t h e i nt er a cti o n b et w e e n  mi R N A a n d  m R N A
(K o o, Z h a n g  &  C h at erji, 2 0 1 8 ; G h os h al et al., 2 0 1 8 ), t h e i d e ntifi c ati o n of alt er e d p at h w a ys
b y  m R N A e x pr essi o n d at a ( Kl ei n, St er n  & Z h a o, 2 0 1 7 ) or b y i nt e gr ati n g e x pr essi o n
a n d  m ut ati o n d at a ( R y k u n o v et al., 2 0 1 6 ), t h e r es p o ns e t o dr u gs i n diff er e nt c ell li n es
(D a e m e n et al., 2 0 1 3 ; G e el e h er et al., 2 0 1 7 ) a n d t h e i d e ntifi c ati o n of v ari a nts b y  m e a ns of
g e n o mi c d at a ( D o n g et al., 2 0 1 6 ) a n d b y  m e a ns of i m a g es  wit h artifi ci al visi o n t e c h ni q u es
(S utt o n et al., 2 0 1 7 ).
C O N C L U SI O N S
M a n y st u di es o n c a n c er h a v e b e e n p erf or m e d i n r e c e nt y e ars  wit h  M L t h at us es  m ol e c ul ar
d at a.  T h es e d at a h a v e  m ai nl y i n cl u d e d di a g n osti c st u di es, pr o g n osis or p ati e nt
str atifi c ati o n.  M or e r e c e ntl y, t h er e h a v e b e e n pr o misi n g r es ults i n r es p o ns e t o dr u gs or
g e n eti c i nt er a cti o ns. I n t his r e vi e w,  w e i n v esti g at e d a n d i d e nti fi e d t h os e r el e v a nt  w or ks t h at
h a v e us e d  T C G A d at a t hr o u g h al g orit h ms or pi p eli n es of a n al ysis b as e d o n  M L.
M L t e c h ni q u es c a n e xtr a ct t h e u n d erl yi n g k n o wl e d g e fr o m a s et of d at a, s o it is r el e v a nt
t o u n d erst a n d t h e a p pr o pri at e n ess of t h e d at a. I n ot h er  w or ds, t h es e t e c h ni q u es  m ust b e
us e d  wit h c ert ai n pr e c a uti o ns. I n d e e d, r es e ar c h ers s h o ul d b e a w ar e t h at t h e c o n cl usi o ns
t h e y o bt ai n  m a y b e bi as e d d u e t o p o or d at a s el e cti o n or a n al yti c al  m et h o d ol o g y.  A m o n g
t h e diff er e nt l e ar ni n g t e c h ni q u es, s u p er vis e d l e ar ni n g h as a n al ys e d t h e  m ost pr o bl e ms
usi n g  T C G A d at a.  T his e n d e a v o ur h as e m p h asis e d t h e us e of g e n eti c e x pr essi o n d at a
t hr o u g h diff er e nt v ari a nts of t h e S V M al g orit h m.  T h er e ar e still i nfi nit e o p p ort u niti es a n d
p ossi biliti es f or t h e e x pl oit ati o n of  T C G A d at a  wit h  M L.  M L t e c h ni q u es c a n r e a c h
c o n cl usi o ns t h at ar e si mil ar t o c o n v e nti o n al a p pr o a c h es a n d als o t o o bt ai n a d e gr e e of
v ari a bilit y t h at is e xtr e m el y us ef ul  w h e n s e ar c hi n g f or n o v el pr e di ct ors.
It is cl e ar t h at  w e ar e still at a n e arl y st a g e i n t h e a n al ysis of t his p at h ol o g y a n d it
is n e c ess ar y t o d e v el o p a n d us e  m or e c o m pl e x al g orit h ms. F or e x a m pl e, t h e us e of
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k er n el- b as e d  m o d els c a n i nt e gr at e diff er e nt d at as ets i n t h e s a m e pr o c ess.  T h e i nt e gr ati o n
of d at a i n t h e a n al ysis of c o m pl e x a n d  m ultif a ct ori al dis e as es c o nti n u es t o b e a
c h all e n g e f or  w hi c h it is n e c ess ar y t o i n v est e v e n  m or e ti m e a n d  m o n e y i n fi n di n g b ett er
al g orit h ms.  As dis c uss e d a b o v e, t h e q u a ntit y of e xisti n g d at a  will n ot st o p gr o wi n g a n d
all d eri v e fr o m t h e s a m e bi ol o gi c al s a m pl e.  T h us, it is e x p e ct e d t h at t h e c o n n e cti o n b et w e e n
o mi cs pl atf or ms c a n i m pr o v e t h e p erf or m a n c e of t h e  m o d els. It is still n e c ess ar y t o t a k e a
st e p f or w ar d i n t h e d e v el o p m e nt of  m ulti di m e nsi o n al  M L  m o d els f or c a n c er r es e ar c h.
C o m pl e x pr o bl e ms, s u c h as t h e pr e di cti o n of diff er e nt c ell st at us es ( m et h yl ati o n,
a p o pt osis or  m ut ati o n), ar e alr e a d y b ei n g t a c kl e d  wit h pr o misi n g r es ults.  W e a n d ot h ers
h o p e t h at t h e li n ks b et w e e n bi ol o gi c al i nf or m ati o n e xtr a ct e d fr o m t h e s a m e p ati e nt  will b e
f urt h er e x pl or e d i n or d er t o el u ci d at e t h e ori gi n of t h e dis e as e b y  M L t e c h ni q u es.
C urr e ntl y, t h e f o c us is o n c ert ai n t y p es a n d s u bt y p es of c a n c er ( e. g., B R C A, L U A D or  O V),
us u all y d u e t o t h e n u m b er of p e o pl e af fl i ct e d  wit h it a n d t h e i m p ort a n c e attri b ut e d b y
s o ci et y. It is als o n e c ess ar y t o i n cr e as e i n v est m e nt i n t h e g e n er ati o n of d at a t h at is r el at e d t o
r el ati v el y  mi n or or es p e ci all y a g gr essi v e c a n c er t y p es i n or d er t o pr o vi d e t h e al g orit h ms
wit h s uf fi ci e nt i nf or m ati o n i n t h eir l e ar ni n g p h as e a n d t o a v oi d bi as es i n t h eir l e ar ni n g.
I n t his  w or k,  w e e x h a usti v el y r e vi e w e d st u di es t h at h a v e us e d  M L t e c h ni q u es f or t h e
a n al ysis of diff er e nt t y p es of c a n c er usi n g  T C G A d at a. I n o ur o pi ni o n, t h e er a of i n di vi d u al
a n al ysis h as p ass e d a n d  w e ar e e nt eri n g t h e er a of d at a i nt e gr ati o n st u di es — at t h e
cli ni c al- g e n o mi c l e v el as  w ell as  m e di c al i m a gi n g or e v ol uti o n a n al ysis b y  m e a ns of ti m e
s eri es.  W e ar e  w or ki n g o n t h e d e v el o p m e nt of c o m pl e x d at a i nt e gr ati o n al g orit h ms i n
diff er e nt fi el ds, o n e of  w hi c h is arti fi ci al i nt elli g e n c e.  T h er e ar e c urr e ntl y  M L  m o d els t h at
ar e d e m o nstr ati n g gr e at eff e cti v e n ess a n d ar e g ai ni n g f oll o w ers.  T h es e  m et h o ds i n cl u d e
t h e af or e m e nti o n e d d e e p l e ar ni n g t e c h ni q u es, b ut r es e ar c h is r e q uir e d t o r e n d er t h e r es ults
u n d erst a n d a bl e a n d e x pl ai n  w h y a c ert ai n pr e di cti o n is  m a d e, es p e ci all y fr o m a cli ni c al
p oi nt of vi e w.  T h e gr e at c h all e n g e of t h e i nt e gr ati o n t e c h ni q u es is t h e i n c ess a nt i n cr e as e i n
t h e n u m b er of di m e nsi o ns a n d t h e h et er o g e n eit y of t h e d at a s ets g e n er at e d fr o m t h e s a m e
p ati e nt/ bi ol o gi c al pr o c ess ( Krist e ns e n et al., 2 0 1 4 ).
Fi n all y,  w e h o p e t h at t his r e vi e w  will s er v e as a st arti n g p oi nt f or r es e ar c h ers i n
bi oi nf or m ati cs a n d c o m p ut er s ci e n c e  w h o ar e i nt er est e d i n st u d yi n g c a n c er, as  w ell as
t h os e r es e ar c h ers  w h o ar e  m or e f o c us e d o n t h e us e of  M L t e c h ni q u es t o k n o w t h e p ot e nti al
of t h eir al g orit h ms  wit h  T C G A d at a.  M or e r es e ar c h a n d t h e d e v el o p m e nt of n e w
al g orit h ms ar e r e q uir e d t o o v er c o m e t h e dis e as e.
A B B R E VI A TI O N S
M L M a c hi n e L e ar ni n g
T C G A T h e  C a n c er  G e n o m e  Atl as
M SI Mi cr os at ellit e I nst a bilit y
B R C A Br e ast  C a n c er  A d e n o c ar ci n o m a
G B M Gli o bl ast o m a  M ultif or m e
S N P si n gl e n u cl e oti d e p ol y m or p his ms
L U S C L u n g s q u a m o us c ell c ar ci n o m a
O V O v ari a n  C a n c er
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S V M S u p p ort  V e ct or  M a c hi n es
R F R a n d o m F or est
W G S W h ol e  G e n o m e S e q u e n ci n g
C N N C o n v ol uti o n al  N e ur al  N et w or ks
TI L T u m o ur-i n fi ltr ati n g l y m p h o c yt es
M RI M a g n eti c r es o n a n c e i m a gi n g
A C K N O W L E D G E M E N T S
W e t h a n k  Dr. J os e  A. S e o a n e f or c o m m e nts d uri n g t h e pr e p ar ati o n of t his r e vi e w.
A D DI TI O N A L I N F O R M A TI O N  A N D  D E C L A R A TI O N S
F u n di n g
T his  w or k  w as s u p p ort e d b y t h e “ C oll a b or ati v e Pr oj e ct i n  G e n o mi c  D at a I nt e gr ati o n
( CI C L O G E N)” PI 1 7/ 0 1 8 2 6 f u n d e d b y t h e  C arl os III  H e alt h I nstit ut e fr o m t h e S p a nis h
N ati o n al pl a n f or S ci e nti fi c a n d  T e c h ni c al  R es e ar c h a n d I n n o v ati o n 2 0 1 3 – 2 0 1 6 a n d t h e
E ur o p e a n  R e gi o n al  D e v el o p m e nt F u n ds ( F E D E R) — “ A  w a y t o b uil d E ur o p e. ” a n d t h e
G e n er al  Dir e ct or at e of  C ult ur e, E d u c ati o n a n d  U ni v ersit y  M a n a g e m e nt of  X u nt a d e
G ali ci a ( R ef. E D 4 3 1 D 2 0 1 7/ 1 6), t h e “ G ali ci a n  N et w or k f or  C ol or e ct al  C a n c er  R es e ar c h ”
( R ef. E D 4 3 1 D 2 0 1 7/ 2 3) a n d  C o m p etiti v e  R ef er e n c e  Gr o u ps ( R ef. E D 4 3 1 C 2 0 1 8/ 4 9).
CI TI C, as  R es e ar c h  C e nt er a c cr e dit e d b y  G ali ci a n  U ni v ersit y S yst e m, is f u n d e d b y
“ C o ns ell erí a d e  C ult ur a, E d u c a ci ó n e  U ni v ersi d a d es fr o m  X u nt a d e  G ali ci a ” , s u p p ort e d i n
a n 8 0 % t hr o u g h E R D F F u n ds, E R D F  O p er ati o n al Pr o gr a m m e  G ali ci a 2 0 1 4 – 2 0 2 0, a n d t h e
r e m ai ni n g 2 0 % b y “ S e cr et arí a  X er al d e  U ni v ersi d a d es ” ( Gr a nt E D 4 3 1 G 2 0 1 9/ 0 1).  T h e
f u n d ers h a d n o r ol e i n st u d y d esi g n, d at a c oll e cti o n a n d a n al ysis, d e cisi o n t o p u blis h, or
pr e p ar ati o n of t h e  m a n us cri pt.
Gr a nt  Di s cl o s ur e s
T h e f oll o wi n g gr a nt i nf or m ati o n  w as dis cl os e d b y t h e a ut h ors:
C arl os III  H e alt h I nstit ut e: PI 1 7/ 0 1 8 2 6.
E ur o p e a n  R e gi o n al  D e v el o p m e nt F u n ds ( F E D E R).
G e n er al  Dir e ct or at e of  C ult ur e, E d u c ati o n a n d  U ni v ersit y  M a n a g e m e nt of  X u nt a d e
G ali ci a: E D 4 3 1 D 2 0 1 7/ 1 6.
G ali ci a n  N et w or k f or  C ol or e ct al  C a n c er  R es e ar c h: E D 4 3 1 D 2 0 1 7/ 2 3.
C o m p etiti v e  R ef er e n c e  Gr o u ps: E D 4 3 1 C 2 0 1 8/ 4 9.
C o ns ell erí a d e  C ult ur a, E d u c a ci ó n e  U ni v ersi d a d es fr o m  X u nt a d e  G ali ci a.
S e cr et arí a  X er al d e  U ni v ersi d a d es: E D 4 3 1 G 2 0 1 9/ 0 1.
C o m p eti n g I nt er e st s
T h e a ut h ors d e cl ar e t h at t h e y h a v e n o c o m p eti n g i nt er ests.
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A ut h or  C o ntri b uti o n s
J os e Li ñ ar es- Bl a n c o c o n c ei v e d a n d d esi g n e d t h e e x p eri m e nts, p erf or m e d t h e
e x p eri m e nts, a n al y z e d t h e d at a, pr e p ar e d fi g ur es a n d/ or t a bl es, a n d a p pr o v e d t h e fi n al
dr aft.
Al ej a n dr o P a z os c o n c ei v e d a n d d esi g n e d t h e e x p eri m e nts, a ut h or e d or r e vi e w e d dr afts of
t h e p a p er, a n d a p pr o v e d t h e fi n al dr aft.
C arl os F er n a n d e z- L o z a n o c o n c ei v e d a n d d esi g n e d t h e e x p eri m e nts, a n al y z e d t h e d at a,
a ut h or e d or r e vi e w e d dr afts of t h e p a p er, a n d a p pr o v e d t h e fi n al dr aft.
D at a  A v ail a bilit y
T h e f oll o wi n g i nf or m ati o n  w as s u p pli e d r e g ar di n g d at a a v ail a bilit y:
T his r es e ar c h is a Lit er at ur e  R e vi e w; t h er e ar e n o r a w d at a or c o d e fi l es.
R E F E R E N C E S
A b es h o us e  A,  A h n J,  A k b a ni  R,  All y  A,  A mi n S,  A n d r y  C D,  A n n al a  M,  A p ri ki a n  A,  A r m e ni a J,
A r o r a  A,  A u m a n J T,  B al as u n d a r a m  M,  B al u S,  B a r bi e ri  C E,  B a u e r  T,  B e n z  C C,  B e r g e r o n  A,
B e r o u k hi m  R,  B e r ri os  M,  Bi v ol  A,  B o d e n h ei m e r  T,  B oi c e L,  B o ot w all a  M S,  B o r g es d os  R eis
R,  B o ut r os  P C,  B o w e n J,  B o wl b y  R,  B o y d J,  B r a dl e y  R K,  B r e g gi a  A,  B ri m o F,  B rist o w  C A,
B r o o ks  D,  B r o o m  B M,  B r y c e  A H,  B u bl e y  G,  B u r ks E,  B utt e r fi el d  Y S N,  B utt o n  M,  C a n es  D,
C a rl otti  C G,  C a rls e n  R,  C a r m el  M,  C a r r oll  P R,  C a rt e r S L,  C a rt u n  R,  C a r v e r  B S,  C h a n J M,
C h a n g  M T,  C h e n  Y,  C h e r ni a c k  A D,  C h e v ali e r S,  C hi n L,  C h o J,  C h u  A,  C h u a h E,  C h u d a m a ni
S,  Ci b uls kis  K,  Ci ri ell o  G,  Cl a r k e  A,  C o o p e r b e r g  M R,  C o r c o r a n  N M,  C ost ell o  A J,  C o w a n J,
C r ai n  D,  C u rl e y E,  D a vi d  K,  D e m c h o k J  A,  D e mi c h elis F,  D h all a  N,  D hi r  R,  D o u ei k  A,  D r a k e
B,  D vi n g e  H,  D y a k o v a  N, F el a u I, F e r g us o n  M L, F r a z e r S, F r e e dl a n d S, F u  Y,  G a b ri el S  B,
G a o J,  G a r d n e r J,  G asti e r- F ost e r J M,  G e hl e n b o r g  N,  G e r k e n  M,  G e rst ei n  M B,  G et z  G,
G o d wi n  A K,  G o p al a n  A,  G r a ef e n  M,  G r ai m  K,  G ri b bi n  T,  G ui n  R,  G u pt a  M,  H a dji p a n a yis  A,
H ai d e r S,  H a m el L,  H a y es  D N,  H ei m a n  DI,  H ess J,  H o a dl e y  K A,  H ol b r o o k  A H,  H olt  R A,
H ol w a y  A,  H o v e ns  C M,  H o yl e  A P,  H u a n g  M,  H utt e r  C M, Itt m a n n  M, I y p e L, J eff e r ys S R,
J o n es  C D, J o n es SJ M, J u hl  H,  K a hl es  A,  K a n e  CJ,  K as ai a n  K,  K e r g e r  M,  K h u r a n a E,  Ki m J,
Kl ei n  RJ,  K u c h e rl a p ati  R, L a c o m b e L, L a d a n yi  M, L ai  P H, L ai r d  P W, L a n d e r E S, L at o u r  M,
L a w r e n c e  M S, L a u  K, L e Bi e n  T, L e e  D, L e e S, L e h m a n n  K- V, L e r a as  K M, L es h c hi n e r I, L e u n g
R, Li b e rti n o J A, Li c ht e n b e r g  T M, Li n  P, Li n e h a n  W M, Li n g S, Li p p m a n S  M, Li u J, Li u  W,
L o c h o vs k y L, L o d a  M, L o g ot h etis  C, L oll a L, L o n g a c r e  T, L u  Y, L u o J,  M a  Y,  M a h a d es h w a r  H
S,  M all e r y  D,  M a ri a mi d z e  A,  M a r r a  M A,  M a y o  M,  M c C all S,  M c K e r c h e r  G,  M e n g S,
M es- M ass o n  A- M,  M e ri n o  MJ,  M e y e rs o n  M,  Mi e c z k o ws ki  P A,  Mills  G B, S h a w  K R M,
Mi n n e r S,  M oi n z a d e h  A,  M o o r e  R  A,  M o r ris S,  M o r ris o n  C,  M os e L E,  M u n g all  AJ,
M u r r a y  B A,  M y e rs J  B,  N a r es h  R,  N els o n J,  N els o n  M  A,  N els o n  P S,  N e wt o n  Y,  N o bl e  M S,
N o us h m e h r  H,  N y kt e r  M,  P a nt a zi  A,  P a rf e n o v  M,  P a r k  PJ,  P a r k e r J S,  P a ul a us kis J,  P e n n y  R,
P e r o u  C  M,  Pi c h é  A,  Pi hl  T,  Pi nt o  P  A,  P r a n di  D,  P r ot o p o p o v  A,  R a mi r e z  N C,  R a o  A,
R at h m ell  W K, et al. 2 0 1 5. T h e  m ol e c ul ar t a x o n o m y of pri m ar y pr ost at e c a n c er. C ell
1 6 3( 4) : 1 0 1 1– 1 0 2 5 D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 5. 1 0. 0 2 5 .
A g r a w al  N,  A k b a ni  R,  A ks o y  B A,  All y  A,  A r a c h c hi  H,  As a S L,  A u m a n J T,  B al as u n d a r a m  M,
B al u S,  B a yli n S B,  B e h e r a  M,  B e r n a r d  B,  B e r o u k hi m  R,  Bis h o p J A,  Bl a c k  A D,  B o d e n h ei m e r
T,  B oi c e L,  B o ot w all a  M S,  B o w e n J,  B o wl b y  R,  B rist o w  C A,  B r o o k e ns  R,  B r o o ks  D,  B r y a nt  R,
B u d a E,  B utt e r fi el d  Y S N,  C a rli n g  T,  C a rls e n  R,  C a rt e r S L,  C a rt y S E,  C h a n  T A,  C h e n  A Y,
C h e r ni a c k  A D,  C h e u n g  D,  C hi n L,  C h o J,  C h u  A,  C h u a h E,  Ci b uls kis  K,  Ci ri ell o  G,  Cl a r k e  A,
Cl a y m a n  G L,  C o p e L,  C o pl a n d J  A,  C o vi n gt o n  K,  D a nil o v a L,  D a vi ds e n  T,  D e m c h o k J A,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 2 3/ 4 7
Di C a r a  D,  D h all a  N,  D hi r  R,  D o o k r a n S S,  D r es d n e r  G, El d ri d g e J, El e y  G, El- N a g g a r  A K,
E n g S, F a gi n J A, F e n n ell  T, F e r ris  R L, Fis h e r S, F r a z e r S, F ri c k J,  G a b ri el S B,  G a nl y I,  G a o J,
G a r r a w a y L A,  G asti e r- F ost e r J M,  G et z  G,  G e hl e n b o r g  N,  G h oss ei n  R,  Gi b bs  R A,  Gi o r d a n o
TJ,  G o m e z- H e r n a n d e z  K,  G ri ms b y J,  G r oss  B,  G ui n  R,  H a dji p a n a yis  A,  H a r p e r  H A,  H a y es
D N,  H ei m a n  DI,  H e r m a n J G,  H o a dl e y  K A,  H of r e e  M,  H olt  R A,  H o yl e  A P,  H u a n g F W,
H u a n g  M,  H utt e r  C M, I d e k e r  T, I y p e L, J a c o bs e n  A, J eff e r ys S R, J o n es  C D, J o n es SJ M,
K as ai a n  K,  K e b e b e w E,  K h u ri F R,  Ki m J,  K r a m e r  R,  K r eis b e r g  R,  K u c h e rl a p ati  R,
K wi at k o ws ki  DJ, L a d a n yi  M, L ai  P H, L ai r d  P W, L a n d e r E, L a w r e n c e  M S, L e e  D, L e e E, L e e S,
L e e  W, L e r a as  K M, Li c ht e n b e r g  T M, Li c ht e nst ei n L, Li n  P, Li n g S, Li u J, Li u  W, Li u  Y,
Li V olsi  V A, L u  Y,  M a  Y,  M a h a d es h w a r  H S,  M a r r a  M A,  M a y o  M,  M c F a d d e n  D G,  M e n g S,
M e y e rs o n  M,  Mi e c z k o ws ki  P A,  Mill e r  M,  Mills  G,  M o o r e  R A,  M os e L E,  M u n g all  AJ,  M u r r a y
B A,  Ni kif o r o v  Y E,  N o bl e  M S,  Oj esi n a  AI,  O w o ni k o k o  T K,  O z e n b e r g e r  B A,  P a nt a zi  A,
P a rf e n o v  M,  P a r k  PJ,  P a r k e r J S,  P a ull E O,  P e d a m all u  C S,  P e r o u  C M,  P ri ns J F,  P r ot o p o p o v
A,  R a m ali n g a m S S,  R a mi r e z  N C,  R a mi r e z  R,  R a p h a el  B J,  R at h m ell  W K,  R e n  X,  R e y n ol ds
S M,  R h ei n b a y E,  Ri n g el  M D,  Ri v e r a  M,  R o a c h J,  R o b e rts o n  A G,  R os e n b e r g  M W,  R os e nt h al
M, S a d e g hi S, S a ks e n a  G, S a n d e r  C, S a nt os o  N, S c h ei n J E, S c h ult z  N, S c h u m a c h e r S E,
S e et h al a  R R, S ei d m a n J, S e n b a b a o gl u  Y, S et h S, S h a r p e S, S h a w  K R M, S h e n J P, S h e n  R,
S h e r m a n S, S h et h  M, S hi  Y, S h m ul e vi c h I, Si c a  G L, Si m o ns J V, Si n h a  R, Si p a hi m al a ni  P,
S m all ri d g e  R C, S o fi a  HJ, S ol o w a y  M G, S o n g  X, S o u g n e z  C, St e w a rt  C, St oj a n o v  P, St u a rt J M,
S u m e r S O, S u n  Y,  T a b a k  B,  T a m  A,  T a n  D, et al. 2 0 1 4. I nt e gr at e d g e n o mi c c h ar a ct eri z ati o n of
p a pill ar y t h yr oi d c ar ci n o m a. C ell 1 5 9( 3) : 6 7 6– 6 9 0 D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 4. 0 9. 0 5 0 .
A k b a ni  R,  A k d e mi r  K  C,  A ks o y  B A,  Al b e rt  M,  All y  A,  A mi n S  B,  A r a c h c hi  H,  A r o r a  A,  A u m a n
J T,  A y al a  B,  B a b o u d J,  B al as u n d a r a m  M,  B al u S,  B a r n a b as  N,  B a rtl ett J,  B a rtl ett  P,  B asti a n
B C,  B a yli n S B,  B e h e r a  M,  B el y a e v  D,  B e n z  C,  B e r n a r d  B,  B e r o u k hi m  R,  Bi r  N,  Bl a c k  A D,
B o d e n h ei m e r  T,  B oi c e L,  B ol a n d  G M,  B o n o  R,  B o ot w all a  M S,  B os e n b e r g  M,  B o w e n J,
B o wl b y  R,  B rist o w  C A,  B r o c k w a y- L u n a r di L,  B r o o ks  D,  B r z e zi ns ki J,  Bs h a r a  W,  B u d a E,
B u r ns  W R,  B utt e r fi el d  Y S N,  B utt o n  M,  C al d e r o n e  T,  C a p p elli ni  G A,  C a rt e r  C,  C a rt e r S L,
C h e r n e y L,  C h e r ni a c k  A D,  C h e v ali e r  A,  C hi n L,  C h o J,  C h o  RJ,  C h oi  Y- L,  C h u  A,  C h u d a m a ni
S,  Ci b uls kis  K,  Ci ri ell o  G,  Cl a r k e  A,  C o o ns S,  C o p e L,  C r ai n  D,  C u rl e y E,  D a nil o v a L,  D ’At ri
S,  D a vi ds e n  T,  D a vi es  M A,  D el m a n  K A,  D e m c h o k J A,  D e n g  Q A,  D e ri b e  Y L,  D h all a  N,  D hi r
R,  Di C a r a  D,  Di ni ki n  M,  D u bi n a  M, E b r o m J S, E g e a S, El e y  G, E n g el J, Es c h b a c h e r J M,
F e d os e n k o  K V, F el a u I, F e n n ell  T, F e r g us o n  M L, Fis h e r S, Fl a h e rt y  K T, F r a z e r S, F ri c k J,
F uli d o u  V,  G a b ri el S B,  G a o J,  G a r d n e r J,  G a r r a w a y L A,  G asti e r- F ost e r J M,  G a u di os o  C,
G e hl e n b o r g  N,  G e n o v es e  G,  G e r k e n  M,  G e rs h e n w al d J E,  G et z  G,  G o m e z- F e r n a n d e z  C,
G ri b bi n  T,  G ri ms b y J,  G r oss  B,  G ui n  R,  G uts c h n e r  T,  H a dji p a n a yis  A,  H al a b a n  R,  H a nf  B,
H a ussl e r  D,  H a y d u L E,  H a y es  D N,  H a y w a r d  N K,  H ei m a n  DI,  H e r b e rt L,  H e r m a n J G,  H e rs e y
P,  H o a dl e y  K A,  H o dis E,  H olt  R A,  H o o n  D S B,  H o p p o u g h S,  H o yl e  A P,  H u a n g F W,  H u a n g
M,  H u a n g S,  H utt e r  C M, I b bs  M, I y p e L, J a c o bs e n  A, J a k r ot  V, J a n ni n g  A, J e c k  W R, J eff e r ys
S R, J e ns e n  M A, J o n es  C D, J o n es SJ M, J u  Z,  K a k a v a n d  H,  K a n g  H,  K eff o r d  R F,  K h u ri F R,
Ki m J,  Ki r k w o o d J  M,  Kl o d e J,  K o r k ut  A,  K o rs ki  K,  K r a ut h a m m e r  M,  K u c h e rl a p ati  R,
K w o n g L  N,  K y cl e r  W, L a d a n yi  M, L ai  P H, L ai r d  P W, L a n d e r E, L a w r e n c e  M S, L a z a r  AJ,
Ł a ź ni a k  R, L e e  D, L e e J E, L e e J, L e e  K, L e e S, L e e  W, L e p o r o ws k a E, L e r a as  K  M, Li  HI,
Li c ht e n b e r g  T  M, Li c ht e nst ei n L, Li n  P, Li n g S, Li u J, Li u  O, Li u  W, L o n g  G  V, L u  Y,  M a S,
M a  Y,  M a c ki e wi c z  A,  M a h a d es h w a r  H S,  M al k e J,  M all e r y  D,  M a ni k h as  G M,  M a n n  GJ,  M a r r a
M  A,  M at ej k a  B,  M a y o  M,  M e h r a bi S,  M e n g S,  M e y e rs o n  M,  Mi e c z k o ws ki  P A,  Mill e r J P,
Mill e r  M L,  Mills  G  B,  M ois e e n k o F,  M o o r e  R A,  M o r ris S,  M o r ris o n  C,  M o rt o n  D,  M os c h os S,
et al. 2 0 1 5. G e n o mi c cl assi fi c ati o n of c ut a n e o us  m el a n o m a. C ell 1 6 1( 7) : 1 6 8 1– 1 6 9 6
D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 5. 0 5. 0 4 4 .
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 2 4/ 4 7
All y  A,  B al as u n d a r a m  M,  C a rls e n  R,  C h u a h E,  Cl a r k e  A,  D h all a  N,  H olt  R A, J o n es SJ M, L e e  D,
M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,  M u n g all  AJ, S c h ei n J E, Si p a hi m al a ni  P,  T a m  A,
T hi ess e n  N,  C h e u n g  D,  W o n g  T,  B r o o ks  D,  R o b e rts o n  A G,  B o wl b y  R,  M u n g all  K, S a d e g hi S,
Xi L,  C o vi n gt o n  K, S hi n b r ot E,  W h e el e r  D A,  Gi b bs  R A,  D o n e h o w e r L A,  W a n g L,  B o w e n J,
G asti e r- F ost e r J M,  G e r k e n  M,  H els el  C, L e r a as  K M, Li c ht e n b e r g  T M,  R a mi r e z  N C,  Wis e L,
Z m u d a E,  G a b ri el S B,  M e y e rs o n  M,  Ci b uls kis  C,  M u r r a y  B A, S hi h J,  B e r o u k hi m  R,
C h e r ni a c k  A D, S c h u m a c h e r S E, S a ks e n a  G,  P e d a m all u  C S,  C hi n L,  G et z  G,  N o bl e  M,  Z h a n g
H,  H ei m a n  D,  C h o J,  G e hl e n b o r g  N, S a ks e n a  G,  V o et  D, Li n  P, F r a z e r S,  D ef r eit as  T,  M ei e r S,
L a w r e n c e  M,  Ki m J,  C r ei g ht o n  CJ,  M u z n y  D,  D o d d a p a n e ni  H V,  H u J,  W a n g  M,  M o rt o n  D,
K o r c hi n a  V,  H a n  Y,  Di n h  H, L e wis L,  B ell ai r  M, Li u  X, S a nti b a n e z J,  Gl e n n  R, L e e S,  H al e  W,
P a r k e r J S,  Wil k e rs o n  M D,  H a y es  D N,  R e y n ol ds S M, S h m ul e vi c h I,  Z h a n g  W, Li u  Y, I y p e L,
M a k hl o uf  H,  T o r b e ns o n  M S,  K a k a r S,  Y e h  M M, J ai n  D,  Kl ei n e r  D E, J ai n  D,  D h a n as e k a r a n
R, El- S e r a g  H B,  Yi m S Y,  W ei nst ei n J N,  Mis h r a L,  Z h a n g J,  A k b a ni  R, Li n g S, J u  Z, S u  X,
H e g d e  A M,  Mills  G B, L u  Y,  C h e n J, L e e J- S, S o h n  B H, S hi m JJ,  T o n g  P,  A b u r at a ni  H,
Y a m a m ot o S,  T ats u n o  K, Li  W,  Xi a  Z, St r a ns k y  N, S eis e r E, I n n o c e nti F,  G a o J,  K u n d r a  R,
Z h a n g  H,  H ei ns  Z,  O c h o a  A, S a n d e r  C, L a d a n yi  M, S h e n  R,  A r o r a  A, S a n c h e z- V e g a F,
S c h ult z  N,  K as ai a n  K,  R a d e n b a u g h  A,  Bissi g  K- D,  M o o r e  D D,  T ot o ki  Y,  N a k a m u r a  H,
S hi b at a  T,  Y a u  C,  G r ai m  K, St u a rt J,  H a ussl e r  D, Sl a gl e  B L,  Oj esi n a  AI,  K ats o nis  P,  K oi r e  A,
Li c ht a r g e  O,  Hs u  T- K, F e r g us o n  M L,  D e m c h o k J A, F el a u I, S h et h  M,  T a r n u z z e r  R,  W a n g  Z,
Y a n g L,  Z e n kl us e n J C,  Z h a n g J,  H utt e r  C M, S o fi a  HJ,  V e r h a a k  R G W,  Z h e n g S, L a n g F,
C h u d a m a ni S, Li u J, L oll a L,  W u  Y,  N a r es h  R,  Pi hl  T, S u n  C,  W a n  Y,  B e n z  C,  P e r o u  A H,
T h o r n e L B,  B oi c e L,  H u a n g  M,  R at h m ell  W K,  N o us h m e h r  H, S a g gi o r o F P,  Ti r a p elli  D P D C,
J u ni o r  C G C,  M e nt e E D, Sil v a  O D C J r,  T r e vis a n F A,  K a n g  KJ,  A h n  K S,  Gi a m a  N H,  M os e r
C D,  Gi o r d a n o  TJ,  Vi n c o  M,  W elli n g  T H,  C r ai n  D,  C u rl e y E,  G a r d n e r J,  M all e r y  D,  M o r ris S,
P a ul a us kis J,  P e n n y  R, et al. 2 0 1 7. C o m pr e h e nsi v e a n d i nt e gr ati v e g e n o mi c c h ar a ct eri z ati o n of
h e p at o c ell ul ar c ar ci n o m a. C ell 1 6 9( 7) : 1 3 2 7– 1 3 4 1 D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 7. 0 5. 0 4 6 .
B ail e y  M H,  T o k h ei m  C,  P o rt a- P a r d o E, S e n g u pt a S,  B e rt r a n d  D,  W e e r asi n g h e  A,  C ol a p ri c o  A,
W e n dl  M C,  Ki m J,  R e a r d o n  B,  N g  P K- S, J e o n g  KJ,  C a o S,  W a n g  Z,  G a o J,  G a o  Q,  W a n g F,
Li u E M,  M ul a r o ni L,  R u bi o- P e r e z  C,  N a g a r aj a n  N,  C o rt és- Ci ri a n o I,  Z h o u  D C, Li a n g  W- W,
H ess J M,  Y ell a p a nt ul a  V D,  T a m b o r e r o  D,  G o n z al e z- P e r e z  A, S u p h a vil ai  C,  K o J Y,  K h u r a n a
E,  P a r k  PJ,  V a n  All e n E M, Li a n g  H, L a w r e n c e  M S,  G o d zi k  A, L o p e z- Bi g as  N, St u a rt J,
W h e el e r  D,  G et z  G,  C h e n  K, L a z a r  AJ,  Mills  G B,  K a r c hi n  R,  Di n g L,  C a es a r-J o h ns o n SJ,
D e m c h o k J A, F el a u I,  K as a pi  M, F e r g us o n  M L,  H utt e r  C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,
Y a n g L,  Z e n kl us e n J C,  Z h a n g J,  C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,
W a n  Y,  W u  Y,  C h o J,  D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,  G et z  G,  H ei m a n  DI,  Ki m J,
L a w r e n c e  M S, Li n  P,  M ei e r S,  N o bl e  M S, S a ks e n a  G,  V o et  D,  Z h a n g  H,  B e r n a r d  B,
C h a m b w e  N,  D h a n k a ni  V,  K nij n e n b u r g  T,  K r a m e r  R, L ei n o n e n  K, Li u  Y,  Mill e r  M,
R e y n ol ds S, S h m ul e vi c h I,  T h o rss o n  V,  Z h a n g  W,  A k b a ni  R,  B r o o m  B M,  H e g d e  A M, J u  Z,
K a n c hi  R S,  K o r k ut  A, Li J, Li a n g  H, Li n g S, Li u  W, L u  Y,  Mills  G B,  N g  K- S,  R a o  A,  R y a n  M,
W a n g J,  W ei nst ei n J N,  Z h a n g J,  A b es h o us e  A,  A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a  W K,
d e  B r uij n I,  G a o J,  G r oss  B E,  H ei ns  ZJ,  K u n d r a  R, L a  K, L a d a n yi  M, L u n a  A,  Niss a n  M G,
O c h o a  A,  P hilli ps S M,  R e z ni k E, S a n c h e z- V e g a F, S a n d e r  C, S c h ult z  N, S h e ri d a n  R,
S u m e r S O, S u n  Y,  T a yl o r  B S,  W a n g J,  Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,  B e n z  C,
St u a rt J M,  W o n g  C K,  Y a u  C,  H a y es  D N,  P a r k e r J S,  Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,
B o wl b y  R,  B r o o ks  D,  C a rls e n  R,  C h u a h E,  D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,
M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,  M u n g all  AJ,  M u n g all  K,  R o b e rts o n  A G,
S a d e g hi S, S c h ei n J E, Si p a hi m al a ni  P,  T a m  A,  T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,
B e r o u k hi m  R,  C h e r ni a c k  A D,  Ci b uls kis  C,  G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M,
S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,  K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 2 5/ 4 7
B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,  V a n  D e n  B e r g  DJ,  W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,
B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,  H o yl e  K P, J eff e r ys S R, J o n es  C D,  M e n g S,
Mi e c z k o ws ki  P A,  M os e L E, et al. 2 0 1 8. C o m pr e h e nsi v e c h ar a ct eri z ati o n of c a n c er dri v er g e n es
a n d  m ut ati o ns. C ell 1 7 3( 2) : 3 7 1– 3 8 5.
B a r r e d o  A r ri et a  A,  Dí a z- R o d rí g u e z  N,  D el S e r J,  B e n n et ot  A,  B a r b a d o  A,  G a r ci a S,  Gil- L o p e z S,
M oli n a  D,  B e nj a mi ns  R,  C h atil a  R,  H e r r e r a F. 2 0 2 0. E x pl ai n a bl e arti fi ci al i nt elli g e n c e ( x ai):
C o n c e pts, t a x o n o mi es, o p p ort u niti es a n d c h all e n g es t o w ar d r es p o nsi bl e ai. I nf or m ati o n F usi o n
5 8 : 8 2– 1 1 5.
B e r g e r  A C,  K o r k ut  A,  K a n c hi  R S,  H e g d e  A M, L e n oi r  W, Li u  W, Li u  Y, F a n  H, S h e n  H,
R a vi k u m a r  V,  R a o  A, S c h ult z  A, Li  X, S u m a zi n  P,  Willi a ms  C,  M est d a g h  P,  G u n a r at n e  P H,
Y a u  C,  B o wl b y  R,  R o b e rts o n  A G,  Ti e z zi  D G,  W a n g  C,  C h e r ni a c k  A D,  G o d wi n  A K,  K u d e r e r
N M,  R a d e r J S,  Z u n a  R E, S o o d  A K, L a z a r  AJ,  Oj esi n a  AI,  A d e b a m o w o  C,  A d e b a m o w o S N,
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V a n  D e n  B e r g  DJ,  V el u v ol u  U,  V o et  D,  W a n  Y,  W a n g  Z,  W a r ni c k  R,  W ei nst ei n J N,
W eis e n b e r g e r  DJ,  Wil k e rs o n  M D,  Willi a ms F,  Wis e L,  W oli ns k y  Y,  W u J,  X u  A W, et al.
2 0 1 6. M ol e c ul ar pr o fi li n g r e v e als bi ol o gi c all y dis cr et e s u bs ets a n d p at h w a ys of pr o gr essi o n i n
diff us e gli o m a. C ell 1 6 4( 3) : 5 5 0– 5 6 3 D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 5. 1 2. 0 2 8 .
C h e e rl a  A,  G e v a e rt  O. 2 0 1 9. D e e p l e ar ni n g  wit h  m ulti m o d al r e pr es e nt ati o n f or p a n c a n c er
pr o g n osis pr e di cti o n. Bi oi nf or m atics 3 5( 1 4) :i 4 4 6– i 4 5 4 D OI 1 0. 1 0 9 3/ bi oi nf or m ati cs/ bt z 3 4 2 .
C h e e rl a  N,  G e v a e rt  O. 2 0 1 7. Mi cr or n a b as e d p a n- c a n c er di a g n osis a n d tr e at m e nt
r e c o m m e n d ati o n. B M C Bi oi nf or m atics 1 8( 1) : 3 2 D OI 1 0. 1 1 8 6/s 1 2 8 5 9- 0 1 6- 1 4 2 1- y .
C h e n  H, Li  C,  P e n g  X,  Z h o u  Z,  W ei nst ei n J N,  C a es a r-J o h ns o n SJ,  D e m c h o k J A, F el a u I,  K as a pi
M, F e r g us o n  M L,  H utt e r  C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,  Y a n g L,  Z e n kl us e n J C,
Z h a n g J,  C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u  Y,  C h o J,
D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,  G et z  G,  H ei m a n  DI,  Ki m J, L a w r e n c e  M S, Li n  P,  M ei e r
S,  N o bl e  M S, S a ks e n a  G,  V o et  D,  Z h a n g  H,  B e r n a r d  B,  C h a m b w e  N,  D h a n k a ni  V,
K nij n e n b u r g  T,  K r a m e r  R, L ei n o n e n  K, Li u  Y,  Mill e r  M,  R e y n ol ds S, S h m ul e vi c h I,  T h o rss o n
V,  Z h a n g  W,  A k b a ni  R,  B r o o m  B M,  H e g d e  A M, J u  Z,  K a n c hi  R S,  K o r k ut  A, Li J, Li a n g  H,
Li n g S, Li u  W, L u  Y,  Mills  G B,  N g  K- S,  R a o  A,  R y a n  M,  W a n g J,  W ei nst ei n J N,  Z h a n g J,
A b es h o us e  A,  A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a  W K, d e  B r uij n I,  G a o J,  G r oss  B E,
H ei ns  ZJ,  K u n d r a  R, L a  K, L a d a n yi  M, L u n a  A,  Niss a n  M G,  O c h o a  A,  P hilli ps S M,  R e z ni k E,
S a n c h e z- V e g a F, S a n d e r  C, S c h ult z  N, S h e ri d a n  R, S u m e r S O, S u n  Y,  T a yl o r  B S,  W a n g J,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 2 8/ 4 7
Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,  B e n z  C, St u a rt J M,  W o n g  C K,  Y a u  C,  H a y es  D N,
P a r k e r J S,  Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,  B o wl b y  R,  B r o o ks  D,  C a rls e n  R,
C h u a h E,  D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,  M a  Y,  M a r r a  M A,  M a y o  M,
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G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M, S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,
K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,  B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,
V a n  D e n  B e r g  DJ,  W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,  B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,
H o yl e  A P, J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki  P A,  M os e L E,  P e r o u  A H,  P e r o u  C M,
R o a c h J, S hi  Y, Si m o ns J V, S k ell y  T, S ol o w a y  M G,  T a n  D,  V el u v ol u  U, F a n  H,  Hi n o u e  T,
L ai r d  P W, S h e n  H,  Z h o u  W,  B ell ai r  M,  C h a n g  K,  C o vi n gt o n  K,  C r ei g ht o n  CJ,  Di n h  H,
D o d d a p a n e ni  H V,  D o n e h o w e r L A,  D r u m m o n d J,  Gi b bs  R A,  Gl e n n  R,  H al e  W,  H a n  Y,  H u J,
K o r c hi n a  V, L e e S, L e wis L, Li  W, Li u  X,  M o r g a n  M,  M o rt o n  D, F ult o n L A, F ult o n  R S,
K a n d ot h  C,  M a r dis E R,  M c L ell a n  M D,  Mill e r  C A, et al. 2 0 1 8 a. A p a n- c a n c er a n al ysis of
e n h a n c er e x pr essi o n i n n e arl y 9 0 0 0 p ati e nt s a m pl es. C ell 1 7 3( 2) : 3 8 6– 3 9 9.
C h e n  H-I H,  C hi u  Y- C,  Z h a n g  T,  Z h a n g S,  H u a n g  Y,  C h e n  Y. 2 0 1 8 b. Gs a e: a n a ut o e n c o d er  wit h
e m b e d d e d g e n e-s et n o d es f or g e n o mi cs f u n cti o n al c h ar a ct eri z ati o n. B M C S yst e ms Bi ol o g y
1 2( 8) : 1 4 2.
C h e n L,  P a n  X,  H u  X,  Z h a n g  Y- H,  W a n g S P,  H u a n g  T,  C ai  Y- D. 2 0 1 8 c. G e n e e x pr essi o n
diff er e n c es a m o n g diff er e nt  msi st at us es i n c ol or e ct al c a n c er. I nt er n ati o n al J o ur n al of  C a nc er
1 4 3( 7) : 1 7 3 1– 1 7 4 0.
C h e n L,  X u a n J,  G u J,  W a n g  Y,  Z h a n g  Z,  W a n g  T L, S hi h I M. 2 0 1 2. I nt e gr ati v e n et w or k a n al ysis
t o i d e ntif y a b err a nt p at h w a y n et w or ks i n o v ari a n c a n c er. I n: P aci fi c S y m p osi u m o n
Bi oc o m p uti n g. P aci fi c S y m p osi u m o n Bi oc o m p uti n g. 1 7t h P aci fi c S y m p osi u m o n Bi oc o m p uti n g,
P S B 2 0 1 2 . 3 1– 4 2.
C h e n  X,  D u a n  Q,  X u a n  Y, S u n  Y,  W u  R. 2 0 1 7. P ossi bl e p at h w a ys us e d t o pr e di ct diff er e nt st a g es
of l u n g a d e n o c ar ci n o m a. M e dici n e 9 6( 1 7) .
C h e n g  P. 2 0 1 8. A pr o g n osti c 3-l o n g n o n c o di n g r n a si g n at ur e f or p ati e nts  wit h g astri c c a n c er.
J o ur n al of  C ell ul ar Bi oc h e mistr y 1 1 9( 1 1) : 9 2 6 1– 9 2 6 9 D OI 1 0. 1 0 0 2/j c b. 2 7 1 9 5 .
C h e r ni a c k  A D, S h e n  H,  W alt e r  V, St e w a rt  C,  M u r r a y  B A,  B o wl b y  R,  H u  X, Li n g S, S osl o w  R A,
B r o a d d us  R R,  Z u n a  R E,  R o b e rts o n  G, L ai r d  P W,  K u c h e rl a p ati  R,  Mills  G B,  W ei nst ei n J N,
Z h a n g J,  A k b a ni  R, L e vi n e  D A,  A k b a ni  R,  All y  A,  A u m a n J T,  B al as u n d a r a m  M,  B al u S,
B a yli n S B,  B e r o u k hi m  R,  B o d e n h ei m e r  T,  B o g o m ol ni y F,  B oi c e L,  B o ot w all a  M S,  B o w e n J,
B o wl b y  R,  B r o a d d us  R,  B r o o ks  D,  C a rls e n  R,  C h e r ni a c k  A D,  C h o J,  C h u a h E,  C h u d a m a ni S,
Ci b uls kis  K,  Cli n e  M,  D a o F,  D a vi d  M,  D e m c h o k J A,  D h all a  N,  D o w d y S, F el a u I, F e r g us o n
M L, F r a z e r S, F ri c k J,  G a b ri el S,  G asti e r- F ost e r J M,  G e hl e n b o r g  N,  G e r k e n  M,  G et z  G,  G u pt a
M,  H a ussl e r  D,  H a y es  D N,  H ei m a n  DI,  H ess J,  H o a dl e y  K A,  H off m a n n  R,  H olt  R A,  H o yl e
A P,  H u  X,  H u a n g  M,  H utt e r  C M, J eff e r ys S R, J o n es SJ M, J o n es  C D,  K a n c hi  R S,  K a n d ot h  C,
K as ai a n  K,  K e r r S,  Ki m J, L ai  P H, L ai r d  P W, L a n d e r E, L a w r e n c e  M S, L e e  D, L e r a as  K M,
L es h c hi n e r I, L e vi n e  D A, Li c ht e n b e r g  T M, Li n  P, Li n g S, Li u J, Li u  W, Li u  Y, L oll a L, L u  Y,
M a  Y,  M a gli nt e  D T,  M a r r a  M A,  M a y o  M,  M e n g S,  M e y e rs o n  M,  Mi e c z k o ws ki  P A,  Mills  G B,
M o o r e  R A,  M os e L E,  M u n g all  AJ,  M u n g all  K,  M u r r a y  B A,  N a r es h  R,  N o bl e  M S,  Ol v e r a  N,
P a r k e r J S,  P e r o u  C M,  P e r o u  A H,  Pi hl  T,  R a d e n b a u g h  AJ,  R a mi r e z  N C,  R at h m ell  W K,  R o a c h
J,  R o b e rts o n  A G, S a d e g hi S, S a ks e n a  G, S al v es e n  H B, S c h ei n J E, S c h u m a c h e r S E, S h e n  H,
S h et h  M, S hi  Y, S hi h J, Si m o ns J V, Si p a hi m al a ni  P, S k ell y  T, S o fi a  HJ, S ol o w a y  M G, S osl o w
R A, S o u g n e z  C, St e w a rt  C, S u n  C,  T a m  A,  T a n  D,  T a r n u z z e r  R,  T hi ess e n  N,  T h o r n e L B,  Ts e
K,  Ts e n g J,  V a n  D e n  B e r g  DJ,  V el u v ol u  U,  V e r h a a k  R G W,  V o et  D, v o n  Bis m a r c k  A,  W alt e r
V,  W a n  Y,  W a n g  Z,  W a n g  C,  W ei nst ei n J N,  W eis e n b e r g e r  DJ,  Wil k e rs o n  M D,  Wi nt e r h off  B,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 2 9/ 4 7
Wis e L,  W o n g  T,  W u  Y,  Y a n g L,  Z e n kl us e n J C,  Z h a n g J,  Z h a n g  H,  Z h a n g  W,  Z h u J- C,
Z m u d a E,  Z u n a  R E, et al. 2 0 1 7. I nt e gr at e d  m ol e c ul ar c h ar a ct eri z ati o n of ut eri n e
c ar ci n os ar c o m a. C a nc er  C ell 3 1( 3) : 4 1 1– 4 2 3 D OI 1 0. 1 0 1 6/j. c c ell. 2 0 1 7. 0 2. 0 1 0 .
C hi d est e r  B,  D o  M N,  M a J. 2 0 1 8. Dis cri mi n ati v e b a g- of- c ells f or i m a gi n g- g e n o mi cs. I n: P S B .
W orl d S ci e nti fi c, 3 1 9 – 3 3 0.
Ci ri ell o  G,  G at z a  M L,  B e c k  A H,  Wil k e rs o n  M D,  R hi e S K,  P ast o r e  A,  Z h a n g  H,  M c L ell a n  M,  Y a u
C,  K a n d ot h  C,  B o wl b y  R, S h e n  H,  H a y at S, Fi el d h o us e  R, L est e r S C,  Ts e  G M K, F a ct o r  R E,
C olli ns L C,  Allis o n  K H,  C h e n  Y- Y, J e ns e n  K, J o h ns o n  N B,  O est e r r ei c h S,  Mills  G B,
C h e r ni a c k  A D,  R o b e rts o n  G,  B e n z  C, S a n d e r  C, L ai r d  P W,  H o a dl e y  K A,  Ki n g  T A,  P e r o u
C M,  A k b a ni  R,  A u m a n J T,  B al as u n d a r a m  M,  B al u S,  B a r r  T,  B e c k  A,  B e n z  C,  B e n z S,  B e r ri os
M,  B e r o u k hi m  R,  B o d e n h ei m e r  T,  B oi c e L,  B o ot w all a  M S,  B o w e n J,  B o wl b y  R,  B r o o ks  D,
C h e r ni a c k  A D,  C hi n L,  C h o J,  C h u d a m a ni S,  Ci ri ell o  G,  D a vi ds e n  T,  D e m c h o k J A,  D e n nis o n
J B,  Di n g L, F el a u I, F e r g us o n  M L, F r a z e r S,  G a b ri el S  B,  G a o JJ,  G asti e r- F ost e r J M,  G at z a
M L,  G e hl e n b o r g  N,  G e r k e n  M,  G et z  G,  Gi bs o n  WJ,  H a y es  D N,  H ei m a n  DI,  H o a dl e y  K A,
H ol b r o o k  A,  H olt  R A,  H o yl e  A P,  H u  H,  H u a n g  M,  H utt e r  C M,  H w a n g E S, J eff e r ys S R, J o n es
SJ M, J u  Z,  Ki m J, L ai  P H, L ai r d  P W, L a w r e n c e  M S, L e r a as  K M, Li c ht e n b e r g  T M, Li n  P, Li n g
S, Li u J, Li u  W, L oll a L, L u  Y,  M a  Y,  M a gli nt e  D T,  M a r dis E,  M a r ks J,  M a r r a  M A,  M c Allist e r
C,  M c L ell a n  M,  M e n g S,  M e y e rs o n  M,  Mills  G B,  M o o r e  R A,  M os e L E,  M u n g all  AJ,  M u r r a y
B A,  N a r es h  R,  N o bl e  M S,  O est e r r ei c h S,  Ol o p a d e  O,  P a r k e r J S,  P e r o u  C M,  Pi hl  T, S a ks e n a  G,
S c h u m a c h e r S E, S h a w  K R M,  R a mi r e z  N C,  R at h m ell  W K,  R hi e S K,  R o a c h J,  R o b e rts o n  A G,
S a ks e n a  G, S a n d e r  C, S c h ei n J E, S c h ult z  N, S h e n  H, S h et h  M, S hi  Y, S hi h J, S h ell e y  C S,
S h ri v e r  C, Si m o ns J  V, S o fi a  HJ, S ol o w a y  M G, S o u g n e z  C, S u n  C,  T a r n u z z e r  R,  Ti e z zi  D G,
V a n  D e n  B e r g  DJ,  V o et  D,  W a n  Y,  W a n g  Z,  W ei nst ei n J N,  W eis e n b e r g e r  DJ,  Wil k e rs o n  M D,
Wils o n  R,  Wis e L,  Wi z n e r o wi c z  M,  W u J,  W u  Y,  Y a n g L,  Y a u  C,  Z a c k  TI,  Z e n kl us e n J C,
Z h a n g  H,  Z h a n g J,  Z m u d a E, et al. 2 0 1 5. C o m pr e h e nsi v e  m ol e c ul ar p ortr aits of i n v asi v e
l o b ul ar br e ast c a n c er. C ell 1 6 3( 2) : 5 0 6– 5 1 9 D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 5. 0 9. 0 3 3 .
C o u d r a y  N,  O c a m p o  P S, S a k ell a r o p o ul os  T,  N a r ul a  N, S n u d e rl  M, F e n y ö  D,  M o r ei r a  A L,
R a z a vi a n  N,  Tsi ri g os  A. 2 0 1 8. Cl assi fi c ati o n a n d  m ut ati o n pr e di cti o n fr o m n o n-s m all c ell l u n g
c a n c er hist o p at h ol o g y i m a g es usi n g d e e p l e ar ni n g. N at ur e  M e dici n e 2 4( 1 0) : 1 5 5 9– 1 5 6 7
D OI 1 0. 1 0 3 8/s 4 1 5 9 1- 0 1 8- 0 1 7 7- 5 .
C u rtis  C, S h a h S P,  C hi n S- F,  T u r as h vili  G,  R u e d a  O M,  D u n ni n g  MJ, S p e e d  D, L y n c h  A G,
S a m a r aji w a S,  Y u a n  Y,  G r äf S,  H a  G,  H aff a ri  G,  B as h as h ati  A,  R uss ell  R,  M c Ki n n e y S,
L a n g e r ø d  A,  G r e e n  A,  P r o v e n z a n o E,  Wis h a rt  G,  Pi n d e r S,  W ats o n  P,  M a r k o w et z F,
M u r p h y L, Ellis I,  P u r us h ot h a m  A,  B ø r r es e n- D al e  A- L,  B r e nt o n J D,  T a v a r é S,  C al d as  C,
A p a ri ci o S. 2 0 1 2. T h e g e n o mi c a n d tr a ns cri pt o mi c ar c hit e ct ur e of 2, 0 0 0 br e ast t u m o urs r e v e als
n o v el s u b gr o u ps. N at ur e 4 8 6( 7 4 0 3) : 3 4 6.
D a e m e n  A,  G rif fi t h  O L,  H eis e r L M,  W a n g  NJ, E n a c h e  O M, S a n b o r n  Z,  P e pi n F,  D u ri n c k S,
K o r k ol a J E,  G rif fi t h  M,  H u r J S,  H u h  N,  C h u n g J,  C o p e L, F a c kl e r  M,  U m b ri c ht  C, S u k u m a r
S, S et h  P, S u k h at m e  V P, J a k k ul a L R, L u  Y,  Mills  G B,  C h o  RJ,  C olliss o n E A, v a n ’t  V e e r LJ,
S p ell m a n  P T,  G r a y J W. 2 0 1 3. M o d eli n g pr e cisi o n tr e at m e nt of br e ast c a n c er. G e n o m e Bi ol o g y
1 4( 1 0) : R 1 1 0 D OI 1 0. 1 1 8 6/ g b- 2 0 1 3- 1 4- 1 0-r 1 1 0 .
D ai  Y, S u n  C, F e n g  Y, Ji a  Q,  Z h u  B. 2 0 1 8. P ot e nt i m m u n o g e ni cit y i n br c a 1- m ut at e d p ati e nts
wit h hi g h- gr a d e s er o us o v ari a n c ar ci n o m a. J o ur n al of  C ell ul ar a n d  M ol ec ul ar  M e dici n e
2 2( 8) : 3 9 7 9– 3 9 8 6.
D a vis  C F,  Ri c k etts  CJ,  W a n g  M,  Y a n g L,  C h e r ni a c k  A D, S h e n  H,  B u h a y  C,  K a n g  H,  Ki m S C,
F a h e y  C C,  H a c k e r  K E,  B h a n ot  G,  G o r d e ni n  D A,  C h u  A,  G u n a r at n e  P H,  Bi e hl  M, S et h S,
K ai p p a r ett u  B A,  B rist o w  C A,  D o n e h o w e r L A,  W all e n E M, S mit h  A B,  Ti c k o o S K,  T a m b oli  P,
R e ut e r  V, S c h mi dt L S,  Hsi e h JJ,  C h o u ei ri  T K,  H a ki mi  A A,  C hi n L,  M e y e rs o n  M,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 3 0/ 4 7
K u c h e rl a p ati  R,  P a r k  W- Y,  R o b e rts o n  A G, L ai r d  P W,  H e ns k e E P,  K wi at k o ws ki  DJ,  P a r k  PJ,
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E rt os u n  M G,  R u bi n  D L. 2 0 1 5. A ut o m at e d gr a di n g of gli o m as usi n g d e e p l e ar ni n g i n di git al
p at h ol o g y i m a g es:  A  m o d ul ar a p pr o a c h  wit h e ns e m bl e of c o n v ol uti o n al n e ur al n et w or ks. I n:
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F e n g  Y,  D ai  Y,  G o n g  Z,  C h e n g J- N,  Z h a n g L, S u n  C,  Z e n g  X, Ji a  Q,  Z h u  B. 2 0 1 8. Ass o ci ati o n
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M, L u n a  A,  Niss a n  M G,  O c h o a  A,  P hilli ps S M,  R e z ni k E, S a n c h e z- V e g a F, S a n d e r  C, S c h ult z
N, S h e ri d a n  R, S u m e r S O, S u n  Y,  T a yl o r  B S,  W a n g J,  Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,
B e n z  C, St u a rt J M,  W o n g  C K,  Y a u  C,  H a y es  D N,  P a r k e r J S,  Wil k e rs o n  M D,  All y  A,
B al as u n d a r a m  M,  B o wl b y  R,  B r o o ks  D,  C a rls e n  R,  C h u a h E,  D h all a  N,  H olt  R, J o n es SJ M,
K as ai a n  K, L e e  D,  M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,  M u n g all  AJ,  M u n g all  K,  R o b e rts o n
A G, S a d e g hi S, S c h ei n J E, Si p a hi m al a ni  P,  T a m  A,  T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,
B e r o u k hi m  R,  C h e r ni a c k  A D,  Ci b uls kis  C,  G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M,
S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,  K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,
B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,  V a n  D e n  B e r g  DJ,  W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,
B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,  H o yl e  A P, J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki
P A, et al. 2 0 1 8. P at h o g e ni c g er mli n e v ari a nts i n 1 0, 3 8 9 a d ult c a n c ers. C ell 1 7 3( 2) : 3 5 5– 3 7 0.
I n g  N,  H u a n g F,  C o nl e y  A,  Y o u S,  M a  Z,  Kli m o v S,  O h e  C,  Y u a n  X,  A mi n  M B, Fi gli n  R,  G e rt y c h
A,  K n u ds e n  B S. 2 0 1 7. A n o v el  m a c hi n e l e ar ni n g a p pr o a c h r e v e als l at e nt v as c ul ar p h e n ot y p es
pr e di cti v e of r e n al c a n c er o ut c o m e. Sci e nti fi c  R e p orts 7( 1) : 1 3 1 9 0
D OI 1 0. 1 0 3 8/s 4 1 5 9 8- 0 1 7- 1 3 1 9 6- 4 .
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 3 5/ 4 7
J a n o w c z y k  A,  Z u o  R,  Gil m o r e  H, F el d m a n  M,  M a d a b h us hi  A. 2 0 1 9. Hist o q c: a n o p e n-s o ur c e
q u alit y c o ntr ol t o ol f or di git al p at h ol o g y sli d es. J C O  Cli nic al  C a nc er I nf or m atics 3( 3) : 1– 7
D OI 1 0. 1 2 0 0/ C CI. 1 8. 0 0 1 5 7 .
J e a n- Q u a rti e r  C, J e a n q u a rti e r F,  Ri d v a n  A,  K a r gl  M,  Mi r z a  T, St a n gl  T,  M a r k a ĉ R, J u r a d a  M,
H ol zi n g e r  A. 2 0 2 1. M ut ati o n- b as e d cl ust eri n g a n d cl assi fi c ati o n a n al ysis r e v e als disti n cti v e a g e
gr o u ps a n d a g e-r el at e d bi o m ar k ers f or gli o m a. B M C  M e dic al I nf or m atics a n d  D ecisi o n  M a ki n g
2 1( 1) : 1– 1 4.
K a hl es  A, L e h m a n n  K- V,  T o uss ai nt  N C,  H üs e r  M, St a r k S G, S a c hs e n b e r g  T, St e gl e  O,
K o hl b a c h e r  O, S a n d e r  C,  T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 8.
C o m pr e h e nsi v e a n al ysis of alt er n ati v e s pli ci n g a cr oss t u m ors fr o m 8, 7 0 5 p ati e nts. C a nc er  C ell
3 4( 2) : 2 1 1– 2 2 4.
K a n as  V G,  Z a c h a r a ki EI,  T h o m as  G A,  Zi n n  P O,  M e g al o oi k o n o m o u  V,  C ol e n  R R. 2 0 1 7.
L e ar ni n g  mri- b as e d cl assi fi c ati o n  m o d els f or  m g mt  m et h yl ati o n st at us pr e di cti o n i n
gli o bl ast o m a. C o m p ut er  M et h o ds a n d Pr o gr a ms i n Bi o m e dici n e 1 4 0 : 2 4 9– 2 5 7.
K a r c z e ws ki  KJ, S n y d e r  M P. 2 0 1 8. I nt e gr ati v e o mi cs f or h e alt h a n d dis e as e. N at ur e  R e vi e ws
G e n etics 1 9( 5) : 2 9 9.
Ki m S,  O est e r r ei c h S,  Ki m S,  P a r k  Y,  Ts e n g  G C. 2 0 1 7. I nt e gr ati v e cl ust eri n g of  m ulti-l e v el o mi cs
d at a f or dis e as e s u bt y p e dis c o v er y usi n g s e q u e nti al d o u bl e r e g ul ari z ati o n. Bi ost atistics
1 8( 1) : 1 6 5– 1 7 9 D OI 1 0. 1 0 9 3/ bi ost atisti cs/ k x w 0 3 9 .
Kl ei n  MI, St e r n  D F,  Z h a o  H. 2 0 1 7. Gr a p e: a p at h w a y t e m pl at e  m et h o d t o c h ar a ct eri z e tiss u e-
s p e cifi c f u n cti o n alit y fr o m g e n e e x pr essi o n pr o fi l es. B M C Bi oi nf or m atics 1 8( 1) : 3 1 7
D OI 1 0. 1 1 8 6/s 1 2 8 5 9- 0 1 7- 1 7 1 1- z .
K nij n e n b u r g  T A,  W a n g L,  Zi m m e r m a n n  M T,  C h a m b w e  N,  G a o  G F,  C h e r ni a c k  A D, F a n  H,
S h e n  H,  W a y  G P,  G r e e n e  C S, Li u  Y,  A k b a ni  R, F e n g  B,  D o n e h o w e r L A,  Mill e r  C, S h e n  Y,
K a ri mi  M,  C h e n  H,  Ki m  P, Ji a  P, S hi n b r ot E,  Z h a n g S, Li u J,  H u  H,  B ail e y  M H,  Y a u  C,
W olf  D,  Z h a o  Z,  W ei nst ei n J N, Li L,  Di n g L,  Mills  G B, L ai r d  P W,  W h e el e r  D A, S h m ul e vi c h I,
M o n n at  RJ,  Xi a o  Y,  W a n g  C,  C a es a r-J o h ns o n SJ,  D e m c h o k J A, F el a u I,  K as a pi  M,
F e r g us o n  M L,  H utt e r  C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,  Y a n g L,  Z e n kl us e n J C,  Z h a n g J,
C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u  Y,  C h o J,  D e F r eit as  T,
F r a z e r S,  G e hl e n b o r g  N,  G et z  G,  H ei m a n  DI,  Ki m J, L a w r e n c e  M S, Li n  P,  M ei e r S,  N o bl e  M S,
S a ks e n a  G,  V o et  D,  Z h a n g  H,  B e r n a r d  B,  C h a m b w e  N,  D h a n k a ni  V,  K nij n e n b u r g  T,
K r a m e r  R, L ei n o n e n  K, Li u  Y,  Mill e r  M,  R e y n ol ds S, S h m ul e vi c h I,  T h o rss o n  V,  Z h a n g  W,
A k b a ni  R,  B r o o m  B M,  H e g d e  A M, J u  Z,  K a n c hi  R S,  K o r k ut  A, Li J, Li a n g  H, Li n g S, Li u  W,
L u  Y,  Mills  G B,  N g  K- S,  R a o  A,  R y a n  M,  W a n g J,  W ei nst ei n J N,  Z h a n g J,  A b es h o us e  A,
A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a  W K, d e  B r uij n I,  G a o J,  G r oss  B E,  H ei ns  ZJ,  K u n d r a  R,
L a  K, L a d a n yi  M, L u n a  A,  Niss a n  M G,  O c h o a  A,  P hilli ps S M,  R e z ni k E, S a n c h e z- V e g a F,
S a n d e r  C, S c h ult z  N, S h e ri d a n  R, S u m e r S O, S u n  Y,  T a yl o r  B S,  W a n g J,  Z h a n g  H,  A n u r  P,
P et o  M, S p ell m a n  P,  B e n z  C, St u a rt J M,  W o n g  C K,  Y a u  C,  H a y es  D N,  P a r k e r J S,
Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,  B o wl b y  R,  B r o o ks  D,  C a rls e n  R,  C h u a h E,
D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,  M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,
M u n g all  AJ,  M u n g all  K,  R o b e rts o n  A G, S a d e g hi S, S c h ei n J E, Si p a hi m al a ni  P,  T a m  A,
T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,  B e r o u k hi m  R,  C h e r ni a c k  A D,  Ci b uls kis  C,
G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M, S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,
K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,  B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,
V a n  D e n  B e r g  DJ,  W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,  B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,
H o yl e  A P, J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki  P A,  M os e L E,  P e r o u  A H,  P e r o u  C M,
R o a c h J, S hi  Y, Si m o ns J V, S k ell y  T, S ol o w a y  M G, et al. 2 0 1 8. G e n o mi c a n d  m ol e c ul ar
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 3 6/ 4 7
l a n ds c a p e of d n a d a m a g e r e p air d efi ci e n c y a cr oss  T h e  C a n c er  G e n o m e  Atl as. C ell  R e p orts
2 3( 1) : 2 3 9– 2 5 4.
K o c a k  B,  Y a r di m ci  A H,  B e kt as  C T,  T u r k c a n o gl u  M H, E r di m  C,  Y u c et as  U,  K o c a S B,
Kili c k es m e z  O. 2 0 1 8. T e xt ur al diff er e n c es b et w e e n r e n al c ell c ar ci n o m a s u bt y p es:  m a c hi n e
l e ar ni n g- b as e d q u a ntit ati v e c o m p ut e d t o m o gr a p h y t e xt ur e a n al ysis  wit h i n d e p e n d e nt e xt er n al
v ali d ati o n. E ur o p e a n J o ur n al of  R a di ol o g y 1 0 7 : 1 4 9– 1 5 7.
K o o J,  Z h a n g J,  C h at e rji S. 2 0 1 8. Tir esi as: c o nt e xt-s e nsiti v e a p pr o a c h t o d e ci p h er t h e pr es e n c e a n d
str e n gt h of  mi cr or n a r e g ul at or y i nt er a cti o ns. T h er a n ostics 8( 1) : 2 7 7– 2 9 1
D OI 1 0. 7 1 5 0/t h n o. 2 2 0 6 5 .
K rist e ns e n  V, Li n gj æ r d e  O,  R uss n es  H,  V oll a n  H, F ri g essi  A,  B ø r r es e n- D al e  A. 2 0 1 4. Pri n ci pl es
a n d  m et h o ds of i nt e gr ati v e g e n o mi c a n al ys es i n c a n c er. N at ur e  R e vi e ws  C a nc er 1 4 : 2 9 9– 3 1 3.
L e u n g  M K,  D el o n g  A,  Ali p a n a hi  B, F r e y  BJ. 2 0 1 5. M a c hi n e l e ar ni n g i n g e n o mi c  m e di ci n e: a
r e vi e w of c o m p ut ati o n al pr o bl e ms a n d d at a s ets. Pr oc e e di n gs of t h e I E E E 1 0 4( 1) : 1 7 6– 1 9 7
D OI 1 0. 1 1 0 9/J P R O C. 2 0 1 5. 2 4 9 4 1 9 8 .
L e vi n e  D A,  T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 3. I nt e gr at e d g e n o mi c
c h ar a ct eri z ati o n of e n d o m etri al c ar ci n o m a. N at ur e 4 9 7( 7 4 4 7) : 6 7– 7 3 D OI 1 0. 1 0 3 8/ n at ur e 1 2 1 1 3 .
Li a o  Z, Li  D,  W a n g  X, Li L,  Z o u  Q. 2 0 1 8. C a n c er di a g n osis t hr o u g h is o mir e x pr essi o n  wit h
m a c hi n e l e ar ni n g  m et h o d. C urr e nt Bi oi nf or m atics 1 3( 1) : 5 7– 6 3.
Li ñ a r es  Bl a n c o J,  G est al  M,  D o r a d o J, F e r n a n d e z- L o z a n o  C. 2 0 1 9. Diff er e nti al g e n e e x pr essi o n
a n al ysis of  R N A-s e q d at a usi n g  m ac hi n e l e ar ni n g f or c a nc er r es e arc h .  C h a m: S pri n g er
I nt er n ati o n al P u blis hi n g, 2 7– 6 5.
List  M,  H a us c hil d  A- C,  T a n  Q,  K r us e  T A,  B a u m b a c h J,  B at r a  R. 2 0 1 4. Cl assi fi c ati o n of br e ast
c a n c er s u bt y p es b y c o m bi ni n g g e n e e x pr essi o n a n d d n a  m et h yl ati o n d at a. J o ur n al of I nt e gr ati v e
Bi oi nf or m atics 1 1( 2) : 1– 1 4.
Li u J, Li c ht e n b e r g  T,  H o a dl e y  K A,  P oiss o n L M, L a z a r  AJ,  C h e r ni a c k  A D,  K o v ati c h  AJ,  B e n z  C C,
L e vi n e  D A, L e e  A V,  O m b e r g L,  W olf  D M, S h ri v e r  C D,  T h o rss o n  V,  H u  H,  C a n c e r  G e n o m e
Atl as  R es e a r c h  N et w o r k. 2 0 1 8 a. A n i nt e gr at e d t c g a p a n- c a n c er cli ni c al d at a r es o ur c e t o dri v e
hi g h- q u alit y s ur vi v al o ut c o m e a n al yti cs. C ell 1 7 3( 2) : 4 0 0– 4 1 6.
Li u  Y, S et hi  N S,  Hi n o u e  T, S c h n ei d e r  B G,  C h e r ni a c k  A D, S a n c h e z- V e g a F, S e o a n e J A,
F a rs hi df a r F,  B o wl b y  R, Isl a m  M,  Ki m J,  C h atil a  W,  A k b a ni  R,  K a n c hi  R S,  R a b ki n  C S,
Willis J E,  W a n g  K K,  M c C all SJ,  Mis h r a L,  Oj esi n a  AI,  B ull m a n S,  P e d a m all u  C A, L a z a r  AJ,
S a k ai  R,  T h o rss o n  V,  B ass  AJ, L ai r d  R W,  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 8 b.
C o m p ar ati v e  m ol e c ul ar a n al ysis of g astr oi nt esti n al a d e n o c ar ci n o m as. C a nc er  C ell
3 3( 4) : 7 2 1– 7 3 5.
M all a v a r a p u  T,  H a o J,  Ki m  Y,  O h J H,  K a n g a  M. 2 0 1 9. P at h w a y- b as e d d e e p cl ust eri n g f or
m ol e c ul ar s u bt y pi n g of c a n c er. M et h o ds 1 7 3 : 2 4– 3 1 D OI 1 0. 1 0 1 6/j. y m et h. 2 0 1 9. 0 6. 0 1 7 .
M alt a  T M, S o k ol o v  A,  G e ntl es  AJ,  B u r z y k o ws ki  T,  P oiss o n L,  W ei nst ei n J N,  K a mi ń s k a  B,
H u els k e n J,  O m b e r g L,  G e v a e rt  O,  C ol a p ri c o  A,  C z e r wi ń s k a  P,  M a z u r e k S,  Mis h r a L,
H e y n  H,  K r as nit z  A,  G o d wi n  A K, L a z a r  AJ,  T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k.
2 0 1 8. M a c hi n e l e ar ni n g i d e nti fi es st e m n ess f e at ur es ass o ci at e d  wit h o n c o g e ni c d e diff er e nti ati o n.
C ell 1 7 3( 2) : 3 3 8– 3 5 4.
M o  Q, S h e n  R,  G u o  C,  V a n n u c ci  M,  C h a n  K S,  Hils e n b e c k S G. 2 0 1 7. A f ull y b a y esi a n l at e nt
v ari a bl e  m o d el f or i nt e gr ati v e cl ust eri n g a n al ysis of  m ulti-t y p e o mi cs d at a. Bi ost atistics
1 9( 1) : 7 1– 8 6.
M o  Q,  W a n g S, S es h a n  V E,  Ols h e n  A B, S c h ult z  N, S a n d e r  C,  P o w e rs  R S, L a d a n yi  M, S h e n  R.
2 0 1 3. P att er n dis c o v er y a n d c a n c er g e n e i d e nti fi c ati o n i n i nt e gr at e d c a n c er g e n o mi c d at a.
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 3 7/ 4 7
Pr oc e e di n gs of t h e  N ati o n al  Ac a d e m y of Sci e nc es of t h e  U nit e d St at es of  A m eric a
1 1 0( 1 1) : 4 2 4 5– 4 2 5 0 D OI 1 0. 1 0 7 3/ p n as. 1 2 0 8 9 4 9 1 1 0 .
M u h a m e d  Ali  A,  Z h u a n g  H, I b r a hi m  A,  R e h m a n  O,  H u a n g  M,  W u  A. 2 0 1 8. A  m a c hi n e l e ar ni n g
a p pr o a c h f or t h e cl assi fi c ati o n of ki d n e y c a n c er s u bt y p es usi n g  mir n a g e n o m e d at a. A p pli e d
Sci e nc es 8( 1 2) : 2 4 2 2.
N ai r J, J ai n  P,  C h a n d ol a  U,  P al v e  V,  V a r d h a n  N R H,  R e d d y  R B,  K e k at p u r e  V D, S u r es h  A,
K u ri a k os e  M A,  P a n d a  B. 2 0 1 5. G e n e a n d  mir n a e x pr essi o n c h a n g es i n s q u a m o us c ell
c ar ci n o m a of l ar y n x a n d h y p o p h ar y n x. G e n es  &  C a nc er 6( 7 – 8) : 3 2 8– 3 4 0
D OI 1 0. 1 8 6 3 2/ g e n es a n d c a n c er. 6 9 .
N g u y e n  T,  T a g ett  R,  Di a z  D,  D r a g hi ci S. 2 0 1 7. A n o v el a p pr o a c h f or d at a i nt e gr ati o n a n d dis e as e
s u bt y pi n g. G e n o m e  R es e arc h 2 7( 1 2) : 2 0 2 5– 2 0 3 9 D OI 1 0. 1 1 0 1/ gr. 2 1 5 1 2 9. 1 1 6 .
N o us h m e h r  H,  W eis e n b e r g e r  DJ,  Di ef es  K,  P hilli ps  H S,  P uj a r a  K,  B e r m a n  B P,  P a n F,  P ell os ki
C E, S ul m a n E P,  B h at  K P,  V e r h a a k  R G W,  H o a dl e y  K A,  H a y es  D N,  P e r o u  C M, S c h mi dt  H K,
Di n g L,  Wils o n  R K,  V a n  D e n  B e r g  D, S h e n  H,  B e n gtss o n  H,  N e u vi al  P,  C o p e L M,  B u c kl e y J,
H e r m a n J G,  B a yli n S B, L ai r d  P W,  Al d a p e  K. 2 0 1 0. I d e ntifi c ati o n of a c p g isl a n d  m et h yl at or
p h e n ot y p e t h at d e fi n es a disti n ct s u b gr o u p of gli o m a. C a nc er  C ell 1 7( 5) : 5 1 0– 5 2 2
D OI 1 0. 1 0 1 6/j. c cr. 2 0 1 0. 0 3. 0 1 7 .
O u- Y a n g L,  Z h a n g  X- F,  W u  M, Li  X- L. 2 0 1 7. N o d e- b as e d l e ar ni n g of diff er e nti al n et w or ks fr o m
m ulti- pl atf or m g e n e e x pr essi o n d at a. M et h o ds 1 2 9( 1) : 4 1– 4 9 D OI 1 0. 1 0 1 6/j. y m et h. 2 0 1 7. 0 5. 0 1 4 .
P a r k  Y W,  C h oi  Y S,  A h n S S,  C h a n g J H,  Ki m S H, L e e S- K. 2 0 1 9. R a di o mi cs  mri p h e n ot y pi n g  wit h
m a c hi n e l e ar ni n g t o pr e di ct t h e gr a d e of l o w er- gr a d e gli o m as:  A st u d y f o c us e d o n n o n e n h a n ci n g
t u m ors. K or e a n J o ur n al of  R a di ol o g y 2 0( 9) : 1 3 8 1– 1 3 8 9.
P e n g  X,  C h e n  Z, F a rs hi df a r F,  X u  X, L o r e n zi  P L,  W a n g  Y,  C h e n g F,  T a n L,  M oj u m d a r  K,  D u  D,
G e  Z, Li J,  T h o m as  G V,  Bi rs o y  K, Li u L,  Z h a n g  H,  Z h a o  Z,  M a r c h a n d  C,  W ei nst ei n J N,  B at h e
O F, Li a n g  H,  C a es a r-J o h ns o n SJ,  D e m c h o k J A, F el a u I,  K as a pi  M, F e r g us o n  M L,  H utt e r  C M,
S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,  Y a n g L,  Z e n kl us e n J C,  Z h a n g J,  C h u d a m a ni S, Li u J, L oll a L,
N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u  Y,  C h o J,  D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,  G et z  G,
H ei m a n  DI,  Ki m J, L a w r e n c e  M S, Li n  P,  M ei e r S,  N o bl e  M S, S a ks e n a  G,  V o et  D,  Z h a n g  H,
B e r n a r d  B,  C h a m b w e  N,  D h a n k a ni  V,  K nij n e n b u r g  T,  K r a m e r  R, L ei n o n e n  K, Li u  Y,  Mill e r
M,  R e y n ol ds S, S h m ul e vi c h I,  T h o rss o n  V,  Z h a n g  W,  A k b a ni  R,  B r o o m  B M,  H e g d e  A M, J u
Z,  K a n c hi  R S,  K o r k ut  A, Li J, Li a n g  H, Li n g S, Li u  W, L u  Y,  Mills  G B,  N g  K- S,  R a o  A,  R y a n
M,  W a n g J,  W ei nst ei n J N,  Z h a n g J,  A b es h o us e  A,  A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a  W K, d e
B r uij n I,  G a o J,  G r oss  B E,  H ei ns  ZJ,  K u n d r a  R, L a  K, L a d a n yi  M, L u n a  A,  Niss a n  M G,  O c h o a
A,  P hilli ps S M,  R e z ni k E, S a n c h e z- V e g a F, S a n d e r  C, S c h ult z  N, S h e ri d a n  R, S u m e r S O, S u n
Y,  T a yl o r  B S,  W a n g J,  Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,  B e n z  C, St u a rt J M,  W o n g  C K,
Y a u  C,  H a y es  D N,  P a r k e r J S,  Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,  B o wl b y  R,  B r o o ks  D,
C a rls e n  R,  C h u a h E,  D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,  M a  Y,  M a r r a  M A,  M a y o
M,  M o o r e  R A,  M u n g all  AJ,  M u n g all  K,  R o b e rts o n  A G, S a d e g hi S, S c h ei n J E, Si p a hi m al a ni  P,
T a m  A,  T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,  B e r o u k hi m  R,  C h e r ni a c k  A D,  Ci b uls kis  C,
G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M, S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,
K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,  B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,  V a n
D e n  B e r g  DJ,  W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,  B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,
H o yl e  A P, J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki  P A,  M os e L E,  P e r o u  A H,  P e r o u  C M,
R o a c h J, S hi  Y, Si m o ns J V, S k ell y  T, S ol o w a y  M G,  T a n  D,  V el u v ol u  U, F a n  H,  Hi n o u e  T,
L ai r d  P W, S h e n  H,  Z h o u  W,  B ell ai r  M,  C h a n g  K,  C o vi n gt o n  K,  C r ei g ht o n  CJ,  Di n h  H,
D o d d a p a n e ni  H V,  D o n e h o w e r L A,  D r u m m o n d J,  Gi b bs  R A,  Gl e n n  R, et al. 2 0 1 8. M ol e c ul ar
c h ar a ct eri z ati o n a n d cli ni c al r el e v a n c e of  m et a b oli c e x pr essi o n s u bt y p es i n h u m a n c a n c ers. C ell
R e p orts 2 3( 1) : 2 5 5– 2 6 9.
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 3 8/ 4 7
P o w ell  R T,  Ol a r  A,  N a r a n g S,  R a o  G, S ul m a n E, F ull e r  G N,  R a o  A. 2 0 1 7. I d e ntifi c ati o n of
hist ol o gi c al c orr el at es of o v er all s ur vi v al i n l o w er gr a d e gli o m as usi n g a b a g- of- w or ds p ar a di g m:
A pr eli mi n ar y a n al ysis b as e d o n h e m at o x yli n  & e osi n st ai n e d sli d es fr o m t h e l o w er gr a d e gli o m a
c o h ort of  T h e  C a n c er  G e n o m e  Atl as. J o ur n al of P at h ol o g y I nf or m atics 8 : 9.
R a d o vi c h  M,  Pi c k e ri n g  C R, F el a u I,  H a  G,  Z h a n g  H, J o  H,  H o a dl e y  K A,  A n u r  P,  Z h a n g J,
M c L ell a n  M,  B o wl b y  R,  M att h e w  T,  D a nil o v a L,  H e g d e  A M,  Ki m J, L eis e rs o n  M D M, S et hi  G,
L u  C,  R y a n  M, S u  X,  C h e r ni a c k  A D,  R o b e rts o n  G,  A k b a ni  R, S p ell m a n  P,  W ei nst ei n J N,
H a y es  D N,  R a p h a el  B, Li c ht e n b e r g  T, L e r a as  K,  Z e n kl us e n J C, F uji m ot o J, S c a p ul at e m p o-
N et o  C,  M o r ei r a  A L,  H w a n g  D,  H u a n g J,  M a ri n o  M,  K o rst  R,  Gi a c c o n e  G,  G o k m e n- P ol a r  Y,
B a d v e S,  R aj a n  A, St r ö b el  P,  Gi r a r d  N,  Ts a o  M S,  M a r x  A,  Ts a o  A S, L o e h r e r  PJ,  All y  A,
A p p el b a u m E L,  A u m a n J T,  B al as u n d a r a m  M,  B al u S,  B e h e r a  M,  B e r o u k hi m  R,  B e r ri os  M,
Bl a n di n o  G,  B o d e n h ei m e r  T,  B o ot w all a  M S,  B o w e n J,  B r o o ks  D,  C a r c a n o F M,  C a rls e n  R,
C a r v al h o  A L,  C ast r o  P,  C h al a b r e yss e L,  C hi n L,  C h o J,  C h o e  G,  C h u a h E,  C h u d a m a ni S,
Ci b uls kis  C,  C o p e L,  C o r d es  M G,  C r ai n  D,  C u rl e y E,  D ef r eit as  T,  D e m c h o k J A,  D ett e r b e c k F,
D h all a  N,  Di e n e m a n n  H, E d e n fi el d  WJ, F a c ci ol o F, F e r g us o n  M L, F r a z e r S, F r o ni c k  C C,
F ult o n L A, F ult o n  R S,  G a b ri el S B,  G a r d n e r J,  G asti e r- F ost e r J M,  G e hl e n b o r g  N,  G e r k e n  M,
G et z  G,  H ei m a n  DI,  H o b e ns a c k S,  H ol b r o o k  A,  H olt  R A,  H o yl e  A P,  H utt e r  C M, Itt m a n n  M,
J eff e r ys S R, J o n es  C D, J o n es SJ M,  K as ai a n  K,  Ki m J,  Ki m es  P K, L ai  P H, L ai r d  P W, L a w r e n c e
M S, Li n  P, Li u J, L oll a L, L u  Y,  M a  Y,  M a gli nt e  D T,  M all e r y  D,  M a r dis E R,  M a r r a  M A,
M a rti n J,  M a y o  M,  M ei e r S,  M eist e r  M,  M e n g S,  M e y e rs o n  M,  Mi e c z k o ws ki  P A,  Mill e r  C A,
Mills  G B,  M o o r e  R A,  M o r ris S,  M os e L E,  M ul e y  T,  M u n g all  AJ,  M u n g all  K,  N a r es h  R,
N e wt o n  Y,  N o bl e  M S,  O w o ni k o k o  T,  P a r k e r J S,  P a ul as kis J,  P e n n y  R,  P e r o u  C M,  P e r ri n  C,
Pi hl  T,  R a d e n b a u g h  A,  R a m ali n g a m S,  R a mi r e z  N,  Ri e k e r  R,  R o a c h J, S a d e g hi S, S a ks e n a  G,
S c h ei n J E, S c h mi dt  H K, S c h u m a c h e r S E, S h elt o n  C, S h elt o n  T, S hi  Y, S hi h J, Si c a  G, Sil v ei r a
H C S, Si m o ns J V, Si p a hi m al a ni  P, S k ell y  T, S o fi a  HJ, S ol o w a y  M G, St u a rt J, S u n  Q,  T a m  A,
T a n  D,  T a r n u z z e r  R,  T hi ess e n  N,  V a n  D e n  B e r g  DJ,  V as ef  M A,  V el u v ol u  U,  V o et  D,  W alt e r
V,  W a n  Y,  W a n g  Z,  W a rt h  A,  W eis  C- A,  W eis e n b e r g e r  DJ,  Wil k e rs o n  M D,  Wis e L,  W o n g  T,
W u  H- T,  W u  Y,  Y a n g L,  Z h a n g J,  Z m u d a E, et al. 2 0 1 8. T h e i nt e gr at e d g e n o mi c l a n ds c a p e of
t h y mi c e pit h eli al t u m ors. C a nc er  C ell 3 3( 2) : 2 4 4– 2 5 8 D OI 1 0. 1 0 1 6/j. c c ell. 2 0 1 8. 0 1. 0 0 3 .
R a p h a el  BJ,  H r u b a n  R H,  A g ui r r e  AJ,  M of fi tt  R A,  Y e h JJ, St e w a rt  C,  R o b e rts o n  A G,  C h e r ni a c k
A D,  G u pt a  M,  G et z  G,  G a b ri el S B,  M e y e rs o n  M,  Ci b uls kis  C, F ei S S,  Hi n o u e  T, S h e n  H,
L ai r d  P W, Li n g S, L u  Y,  Mills  G B,  A k b a ni  R, L o h e r  P, L o n di n E R,  Ri g o uts os I,  T el o nis  A G,
Gi b b E A,  G ol d e n b e r g  A,  M e zli ni  A M,  H o a dl e y  K A,  C olliss o n E, L a n d e r E,  M u r r a y  B A,  H ess
J,  R os e n b e r g  M,  B e r g els o n L,  Z h a n g  H,  C h o J,  Ti a o  G,  Ki m J, Li vit z  D, L es h c hi n e r I,  R e a r d o n
B,  V a n  All e n E,  K a m b u r o v  A,  B e r o u k hi m  R, S a ks e n a  G, S c h u m a c h e r S E,  N o bl e  M S,  H ei m a n
DI,  G e hl e n b o r g  N,  Ki m J, L a w r e n c e  M S,  A ds a y  V,  P et e rs e n  G,  Kli mst r a  D,  B a r d e es y  N,
L eis e rs o n  M D M,  B o wl b y  R,  K as ai a n  K,  Bi r ol I,  M u n g all  K L, S a d e g hi S,  W ei nst ei n J N,
S p ell m a n  P T, Li u  Y,  A m u n d a d otti r L T,  T e p p e r J, Si n g hi  A D,  D hi r  R,  P a ul  D, S m y r k  T,
Z h a n g L,  Ki m  P,  B o w e n J, F ri c k J,  G asti e r- F ost e r J M,  G e r k e n  M, L a u  K, L e r a as  K M,
Li c ht e n b e r g  T M,  R a mi r e z  N C,  R e n k el J, S h e r m a n  M,  Wis e L,  Y e n a  P,  Z m u d a E, S hi h J,  All y
A,  B al as u n d a r a m  M,  C a rls e n  R,  C h u  A,  C h u a h E,  Cl a r k e  A,  D h all a  N,  H olt  R A, J o n es SJ M,
L e e  D,  M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,  M u n g all  AJ, S c h ei n J E, Si p a hi m al a ni  P,  T a m
A,  T hi ess e n  N,  Ts e  K,  W o n g  T,  B r o o ks  D,  A u m a n J T,  B al u S,  B o d e n h ei m e r  T,  H a y es  D N,
H o yl e  A P, J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki  P A,  M os e L E,  P e r o u  C M,  P e r o u  A H,
R o a c h J, S hi  Y, Si m o ns J V, S k ell y  T, S ol o w a y  M G,  T a n  D,  V el u v ol u  U,  P a r k e r J S,  Wil k e rs o n
M D,  K o r k ut  A, S e n b a b a o gl u  Y,  B u r c h  P,  M c Willi a ms  R,  C h aff e e  K,  O b e r g  A,  Z h a n g  W,
Gi n g r as  M- C,  W h e el e r  D A,  Xi L,  Al b e rt  M,  B a rtl ett J, S e k h o n  H, St e p h e n  Y,  H o w a r d  Z, J u d y
M,  B r e g gi a  A, S h r off  R T,  C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u
Y, J e n nif e r S,  R o g gi n  K,  B e c k e r  K- F,  B e h e r a  M,  B e n n ett J,  B oi c e L,  B u r ks E,  C a rl otti J u ni o r
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 3 9/ 4 7
C G,  C h a b ot J,  P r etti d a  C u n h a  Ti r a p elli  D, S e b asti ã o d os S a nt os J,  D u bi n a  M, Es c h b a c h e r J,
H u a n g  M,  H u els e n b e c k- Dill L, J e n ki ns  R,  K a r p o v  A,  K e m p  R, L y a d o v  V,  M ait h el S,
M a ni k h as  G,  M o nt g o m e r y E,  N o us h m e h r  H,  Os u n k o y a  A,  O w o ni k o k o  T,  P a kli n a  O,
P ot a p o v a  O,  R a m ali n g a m S,  R at h m ell  W K,  Ri e g e r- C h rist  K, S all e r  C, S et di k o v a  G, S h a b u ni n
A, Si c a  G, S u  T, S ulli v a n  T, S w a ns o n  P,  T a r vi n  K,  T a v o bil o v  M,  T h o r n e L B,  U r b a ns ki S,
V o r o ni n a  O,  W a n g  T,  C r ai n  D, et al. 2 0 1 7. I nt e gr at e d g e n o mi c c h ar a ct eri z ati o n of p a n cr e ati c
d u ct al a d e n o c ar ci n o m a. C a nc er  C ell 3 2( 2) : 1 8 5– 2 0 3 D OI 1 0. 1 0 1 6/j. c c ell. 2 0 1 7. 0 7. 0 0 7 .
R e n dl e m a n  M C,  B u atti J M,  B r a u n  T A, S mit h  BJ,  N w a k a m a  C,  B ei c h el  R R,  B r o w n  B,  C as a v a nt
T L. 2 0 1 9. M a c hi n e l e ar ni n g  wit h t h e t c g a- h ns c d at as et: i m pr o vi n g us a bilit y b y a d dr essi n g
i n c o nsist e n c y, s p arsit y, a n d hi g h- di m e nsi o n alit y. B M C Bi oi nf or m atics 2 0( 1) : 3 3 9
D OI 1 0. 1 1 8 6/s 1 2 8 5 9- 0 1 9- 2 9 2 9- 8 .
R o b e rts o n  A G,  Ki m J,  Al- A h m a di e  H,  B ell m u nt J,  G u o  G,  C h e r ni a c k  A D,  Hi n o u e  T, L ai r d  P W,
H o a dl e y  K A,  A k b a ni  R,  C ast r o  M A A,  Gi b b E A,  K a n c hi  R S,  G o r d e ni n  D A, S h u kl a S A,
S a n c h e z- V e g a F,  H a ns el  D E,  C z e r ni a k  B A,  R e ut e r  V E, S u  X, d e S a  C a r v al h o  B,  C h a g as  V S,
M u n g all  K L, S a d e g hi S,  P e d a m all u  C S, L u  Y,  Kli m c z a k LJ,  Z h a n g J,  C h o o  C,  Oj esi n a  AI,
B ull m a n S, L e r a as  K M, Li c ht e n b e r g  T M,  W u  CJ, S c h ult z  N,  G et z  G,  M e y e rs o n  M,  Mills  G B,
M c C o n k e y  DJ,  W ei nst ei n J N,  K wi at k o ws ki  DJ, L e r n e r S P,  A k b a ni  R,  Al- A h m a di e  H,  Al b e rt
M,  Al e x o p o ul o u I,  All y  A,  A nti c  T,  A r o n  M,  B al as u n d a r a m  M,  B a rtl ett J,  B a yli n S B,  B e a v e r
A,  B ell m u nt J,  Bi r ol I,  B oi c e L,  B o ot w all a  M S,  B o w e n J,  B o wl b y  R,  B r o o ks  D,  B r o o m  B M,
Bs h a r a  W,  B ull m a n S,  B u r ks E,  C á r c a n o F M,  C a rls e n  R,  C a r v al h o  B S,  C a r v al h o  A L,  C astl e
E P,  C ast r o  M A A,  C ast r o  P,  C att o J W,  C h a g as  V S,  C h e r ni a c k  A D,  C h esl a  D W,  C h o o  C,
C h u a h E,  C h u d a m a ni S,  C o rt essis  V K,  C otti n g h a m S L,  C r ai n  D,  C u rl e y E,  C z e r ni a k  B A,
D a n es h m a n d S,  D e m c h o k J A,  D h all a  N,  Dj al a d at  H, E c k m a n J, E g e a S C, E n g el J, F el a u I,
F e r g us o n  M L,  G a r d n e r J,  G asti e r- F ost e r J M,  G e r k e n  M,  G et z  G,  Gi b b E A,  G o m e z- F e r n a n d e z
C R,  G o r d e ni n  D A,  G u o  G,  H a ns el  D E,  H a r r J,  H a rt m a n n  A,  H e r b e rt L M,  Hi n o u e  T,  H o  T H,
H o a dl e y  K A,  H olt  R A,  H utt e r  C M, J o n es SJ M, J o r d a  M,  K a h n os ki  RJ,  K a n c hi  R S,  K as ai a n  K,
Ki m J,  Kli m c z a k LJ,  K wi at k o ws ki  DJ, L ai  P H, L ai r d  P W, L a n e  B R, L e r a as  K M, L e r n e r S P,
Li c ht e n b e r g  T M, Li u J, L oll a L, L ot a n  Y, L u  Y, L u c c h esi F R,  M a  Y,  M a c h a d o  R D,  M a gli nt e
D T,  M all e r y  D,  M a r r a  M A,  M a rti n S E,  M a y o  M,  M c C o n k e y  DJ,  M e r a n e y  A,  M e y e rs o n  M,
Mills  G B,  M oi n z a d e h  A,  M o o r e  R A,  M o r a  Pi n e r o E M,  M o r ris S,  M o r ris o n  C,  M u n g all  K L,
M u n g all  AJ,  M y e rs J B,  N a r es h  R,  O' D o n n ell  P H,  Oj esi n a  AI,  P a r e k h  DJ,  P a r fi tt J,  P a ul a us kis
J D, S e k h a r  P e d a m all u  C,  P e n n y  RJ,  Pi hl  T,  P o rt e n S,  Q ui nt e r o- A g uil o  M E,  R a mi r e z  N C,
R at h m ell  W K,  R e ut e r  V E,  Ri e g e r- C h rist  K,  R o b e rts o n  A G, S a d e g hi S, S all e r  C, S al n e r  A,
S a n c h e z- V e g a F, S a n d us k y  G, S c a p ul at e m p o- N et o  C, S c h ei n J E, S c h u c k m a n  A K, S c h ult z  N,
S h elt o n  C, S h elt o n  T, S h u kl a S A, Si m k o J, Si n g h  P, Si p a hi m al a ni  P, S mit h  N D, S o fi a  HJ,
S o r ci ni  A, St a nt o n  M L, St ei n b e r g  G D, St o e h r  R, S u  X, S ulli v a n  T, S u n  Q,  T a m  A,  T a r n u z z e r
R,  T a r vi n  K,  T a u b e rt  H,  T hi ess e n  N,  T h o r n e L,  Ts e  K,  T u c k e r  K,  V a n  D e n  B e r g  DJ, v a n
K ess el  K E,  W a c h S,  W a n  Y,  W a n g  Z, et al. 2 0 1 7 a. C o m pr e h e nsi v e  m ol e c ul ar c h ar a ct eri z ati o n
of  m us cl e-i n v asi v e bl a d d er c a n c er. C ell 1 7 1( 3) : 5 4 0– 5 5 6 D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 7. 0 9. 0 0 7 .
R o b e rts o n  A G, S hi h J,  Y a u  C,  Gi b b E A,  O b a J,  M u n g all  K L,  H ess J M,  U z u n a n g el o v  V,  W alt e r  V,
D a nil o v a L, Li c ht e n b e r g  T M,  K u c h e rl a p ati  M,  Ki m es  P K,  T a n g  M,  P e ns o n  A,  B a b u r  O,
A k b a ni  R,  B rist o w  C A,  H o a dl e y  K A, I y p e L,  C h a n g  M T,  C h e r ni a c k  A D,  B e n z  C,  Mills  G B,
V e r h a a k  R G W,  G ri e w a n k  K G, F el a u I,  Z e n kl us e n J C,  G e rs h e n w al d J E, S c h o e n fi el d L, L a z a r
AJ,  A b d el- R a h m a n  M H,  R o m a n- R o m a n S, St e r n  M- H,  C e b ull a  C M,  Willi a ms  M D, J a g e r  MJ,
C o u pl a n d S E, Es m a eli  B,  K a n d ot h  C,  W o o d m a n S E,  A b d el- R a h m a n  M H,  A k b a ni  R,  All y  A,
A u m a n J T,  B a b u r  O,  B al as u n d a r a m  M,  B al u S,  B e n z  C,  B e r o u k hi m  R,  Bi r ol I,  B o d e n h ei m e r
T,  B o w e n J,  B o wl b y  R,  B rist o w  C A,  B r o o ks  D,  C a rls e n  R,  C e b ull a  C M,  C h a n g  M T,
C h e r ni a c k  A D,  C hi n L,  C h o J,  C h u a h E,  C h u d a m a ni S,  Ci b uls kis  C,  Ci b uls kis  K,  C o p e L,
C o u pl a n d S E,  D a nil o v a L,  D ef r eit as  T,  D e m c h o k J A,  D esj a r di ns L,  D h all a  N, Es m a eli  B,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 4 0/ 4 7
F el a u I, F e r g us o n  M L, F r a z e r S,  G a b ri el S B,  G asti e r- F ost e r J M,  G e hl e n b o r g  N,  G e r k e n  M,
G e rs h e n w al d J E,  G et z  G,  Gi b b E A,  G ri e w a n k  K G,  G ri m m E A,  H a y es  D N,  H e g d e  A M,
H ei m a n  DI,  H els el  C,  H ess J M,  H o a dl e y  K A,  H o b e ns a c k S,  H olt  R A,  H o yl e  A P,  H u  X,
H utt e r  C M, J a g e r  MJ, J eff e r ys S R, J o n es  C D, J o n es SJ M,  K a n d ot h  C,  K as ai a n  K,  Ki m J,
Ki m es  P K,  K u c h e rl a p ati  M,  K u c h e rl a p ati  R, L a n d e r E, L a w r e n c e  M S, L a z a r  AJ, L e e S, L e r a as
K M, Li c ht e n b e r g  T M, Li n  P, Li u J, Li u  W, L oll a L, L u  Y, I y p e L,  M a  Y,  M a h a d es h w a r  H S,
M a ri a ni  O,  M a r r a  M A,  M a y o  M,  M ei e r S,  M e n g S,  M e y e rs o n  M,  Mi e c z k o ws ki  P A,  Mills  G B,
M o o r e  R A,  M os e L E,  M u n g all  AJ,  M u n g all  K L,  M u r r a y  B A,  N a r es h  R,  N o bl e  M S,  O b a J,
P a nt a zi  A,  P a rf e n o v  M,  P a r k  PJ,  P a r k e r J S,  P e ns o n  A,  P e r o u  C M,  Pi hl  T,  Pil a rs ki  R,
P r ot o p o p o v  A,  R a d e n b a u g h  A,  R ai  K,  R a mi r e z  N C,  R e n  X,  R e y n ol ds S M,  R o a c h J,  R o b e rts o n
A G,  R o m a n- R o m a n S,  R os zi k J, S a d e g hi S, S a ks e n a  G, S ast r e  X, S c h a d e n d o rf  D, S c h ei n J E,
S c h o e n fi el d L, S c h u m a c h e r S E, S ei d m a n J, S et h S, S et hi  G, S h et h  M, S hi  Y, S hi el ds  C, S hi h J,
S h m ul e vi c h I, Si m o ns J V, Si n g h  A D, Si p a hi m al a ni  P, S k ell y  T, S o fi a  H, S ol o w a y  M G, S o n g  X,
St e r n  M- H, St u a rt J, S u n  Q, S u n  H,  T a m  A,  T a n  D,  T a n g  M,  T a n g J,  T a r n u z z e r  R,  T a yl o r  B S,
T hi ess e n  N,  T h o rss o n  V,  Ts e  K,  U z u n a n g el o v  V,  V el u v ol u  U,  V e r h a a k  R G W,  V o et  D,  W alt e r
V,  W a n  Y,  W a n g  Z,  W ei nst ei n J N,  Wil k e rs o n  M D,  Willi a ms  M D, et al. 2 0 1 7 b. I nt e gr ati v e
a n al ysis i d e nti fi es f o ur  m ol e c ul ar a n d cli ni c al s u bs ets i n u v e al  m el a n o m a. C a nc er c ell
3 2( 2) : 2 0 4– 2 2 0 D OI 1 0. 1 0 1 6/j. c c ell. 2 0 1 7. 0 7. 0 0 3 .
R uss a k o vs k y  O,  D e n g J, S u  H,  K r a us e J, S at h e es h S,  M a S,  H u a n g  Z,  K a r p at h y  A,  K h osl a  A,
B e r nst ei n  M,  B e r g  A C, F ei- F ei L. 2 0 1 5. I m a g e N et l ar g e s c al e vis u al r e c o g niti o n c h all e n g e.
I nt er n ati o n al J o ur n al of  C o m p ut er  Visi o n (IJ C V) 1 1 5( 3) : 2 1 1– 2 5 2
D OI 1 0. 1 0 0 7/s 1 1 2 6 3- 0 1 5- 0 8 1 6- y .
R y k u n o v  D,  B e c k m a n n  N D, Li  H,  U zil o v  A, S c h a dt E E,  R e v a  B. 2 0 1 6. A n e w  m ol e c ul ar si g n at ur e
m et h o d f or pr e di cti o n of dri v er c a n c er p at h w a ys fr o m tr a ns cri pti o n al d at a. N ucl eic  Aci ds
R es e arc h 4 4( 1 1) : e 1 1 0.
S alt z J,  G u pt a  R,  H o u L,  K u r c  T, Si n g h  P,  N g u y e n  V, S a m a r as  D, S h r o y e r  K R,  Z h a o  T,  B atist e  R,
V a n  A r n a m J, S h m ul e vi c h I,  R a o  A U K, L a z a r  AJ, S h a r m a  A,  V ést ei n n  T,  C a es a r-J o h ns o n SJ,
D e m c h o k J A, F el a u I,  K as a pi  M, F e r g us o n  M L,  H utt e r  C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,
Y a n g L,  Z e n kl us e n J C,  Z h a n g J,  C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n
Y,  W u  Y,  C h o J,  D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,  G et z  G,  H ei m a n  DI,  Ki m J, L a w r e n c e
M S, Li n  P,  M ei e r S,  N o bl e  M S, S a ks e n a  G,  V o et  D,  Z h a n g  H,  B e r n a r d  B,  C h a m b w e  N,
D h a n k a ni  V,  K nij n e n b u r g  T,  K r a m e r  R, L ei n o n e n  K, Li u  Y,  Mill e r  M,  R e y n ol ds S,
S h m ul e vi c h I,  T h o rss o n  V,  Z h a n g  W,  A k b a ni  R,  B r o o m  B M,  H e g d e  A M, J u  Z,  K a n c hi  R S,
K o r k ut  A, Li J, Li a n g  H, Li n g S, Li u  W, L u  Y,  Mills  G B,  N g  K- S,  R a o  A,  R y a n  M,  W a n g J,
W ei nst ei n J N,  Z h a n g J,  A b es h o us e  A,  A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a  W K, d e  B r uij n I,
G a o J,  G r oss  B E,  H ei ns  ZJ,  K u n d r a  R, L a  K, L a d a n yi  M, L u n a  A,  Niss a n  M G,  O c h o a  A,
P hilli ps S M,  R e z ni k E, S a n c h e z- V e g a F, S a n d e r  C, S c h ult z  N, S h e ri d a n  R, S u m e r S O, S u n  Y,
T a yl o r  B S,  W a n g J,  Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,  B e n z  C, St u a rt J M,  W o n g  C K,
Y a u  C,  H a y es  D N,  P a r k e r J S,  Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,  B o wl b y  R,  B r o o ks  D,
C a rls e n  R,  C h u a h E,  D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,  M a  Y,  M a r r a  M A,  M a y o
M,  M o o r e  R A,  M u n g all  AJ,  M u n g all  K,  R o b e rts o n  A G, S a d e g hi S, S c h ei n J E, Si p a hi m al a ni  P,
T a m  A,  T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,  B e r o u k hi m  R,  C h e r ni a c k  A D,  Ci b uls kis  C,
G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M, S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,
K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,  B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,  V a n
D e n  B e r g  DJ,  W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,  B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,
H o yl e  A P, J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki  P A,  M os e L E,  P e r o u  A H,  P e r o u  C M,
R o a c h J, S hi  Y, Si m o ns J V, S k ell y  T, S ol o w a y  M G,  T a n  D,  V el u v ol u  U, F a n  H,  Hi n o u e  T,
L ai r d  P W, S h e n  H,  Z h o u  W,  B ell ai r  M,  C h a n g  K,  C o vi n gt o n  K,  C r ei g ht o n  CJ,  Di n h  H,
D o d d a p a n e ni  H V,  D o n e h o w e r L A,  D r u m m o n d J,  Gi b bs  R A,  Gl e n n  R,  H al e  W,  H a n  Y,  H u J,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 4 1/ 4 7
K o r c hi n a  V, L e e S, et al. 2 0 1 8. S p ati al or g a ni z ati o n a n d  m ol e c ul ar c orr el ati o n of t u m or-
i nfi ltr ati n g l y m p h o c yt es usi n g d e e p l e ar ni n g o n p at h ol o g y i m a g es. C ell  R e p orts 2 3( 1) : 1 8 1– 1 9 3.
S al v u c ci  M,  W ü rstl e  M L,  M o r g a n  C,  C u r r y S,  C r e m o n a  M, Li n d n e r  A U,  B a c o n  O,  R esl e r  AJ,
M u r p h y  Á C,  O ’B y r n e  R, Fl a n a g a n L,  D as g u pt a S,  Ri c e  N,  Pil ati  C,  Zi n k E, S c h öll e r L M,
T o o m e y S, L a wl e r  M, J o h nst o n  P G,  Wils o n  R,  C a mill e ri- B r o ët S, S alt o- T ell e z  M,  M c N a m a r a
D A,  K a y E W, L a u r e nt- P ui g  P,  V a n S c h a e y b r o e c k S,  H e n n ess y  B T, L o n gl e y  D B,  R e h m  M,
P r e h n J H M. 2 0 1 7. A st e p wis e i nt e gr at e d a p pr o a c h t o p ers o n ali z e d ris k pr e di cti o ns i n st a g e iii
c ol or e ct al c a n c er. Cli nic al  C a nc er  R es e arc h 2 3( 5) : 1 2 0 0– 1 2 1 2
D OI 1 0. 1 1 5 8/ 1 0 7 8- 0 4 3 2. C C R- 1 6- 1 0 8 4 .
S a n c h e z- V e g a F,  Mi n a  M,  A r m e ni a J,  C h atil a  W K, L u n a  A, L a  K C,  Di mit ri a d o y S, Li u  D L,
K a nt h eti  H S, S a g h a fi ni a S,  C h a k r a v a rt y  D,  D ai a n F,  G a o  Q,  B ail e y  M H,  W- W Li a n g  W- W,
F olt z S M, S h m ul e vi c h I,  Di n g L,  H ei ns  Z,  O c h o a  A,  G r oss  B,  G a o J,  Z h a n g  H,  K u n d r a  R,
K a n d ot h  C,  B a h c e ci I,  D e r vis hi L,  D o g r us o z  U,  Z h o u  W, S h e n  H, L ai r d  P,  W a y  G P,  G r e e n e
C S, Li a n g  H,  Xi a o  Y,  W a n g  C, I a v a r o n e  A,  B e r g e r  A H,  Bi v o n a  T G, L a z a r  AJ,  H a m m e r  G D,
Gi o r d a n o  T,  K w o n g L N,  M c A rt h u r  G,  H u a n g  C,  T w a r d  A D, F r e d e ri c k  MJ,  M c C o r mi c k F,
M e y e rs o n  M,  V a n  All e n E M,  C h e r ni a c k  A D,  Ci ri ell o  G, S a n d e r  C, S c h ult z  N,  C a n c e r  G e n o m e
Atl as  R es e a r c h  N et w o r k. 2 0 1 8. O n c o g e ni c si g n ali n g p at h w a ys i n  T h e  C a n c er  G e n o m e  Atl as.
C ell 1 7 3( 2) : 3 2 1– 3 3 7.
S c h a u b F X,  D h a n k a ni  V,  B e r g e r  A C,  T ri v e di  M,  Ri c h a r ds o n  A B, S h a w  R,  Z h a o  W,  Z h a n g  X,
V e nt u r a  A, Li u  Y,  A y e r  D E,  H u rli n  PJ,  C h e r ni a c k  A D, Eis e n m a n  R N,  B e r n a r d  B,
G r a n d o ri  C,  N et w o r k  C a n c e r  G e n o m e  Atl as. 2 0 1 8. P a n- c a n c er alt er ati o ns of t h e  m y c
o n c o g e n e a n d its pr o xi m al n et w or k a cr oss  T h e  C a n c er  G e n o m e  Atl as. C ell S yst e ms
6( 3) : 2 8 2– 3 0 0.
S e o a n e J A,  D a y I N M,  G a u nt  T R,  C a m p b ell  C. 2 0 1 3. A p at h w a y- b as e d d at a i nt e gr ati o n fr a m e w or k
f or pr e di cti o n of dis e as e pr o gr essi o n. Bi oi nf or m atics 3 0( 6) : 8 3 8– 8 4 5.
S h e n  H, S hi h J,  H oll e r n  D P,  W a n g L,  B o wl b y  R,  Ti c k o o S K,  T h o rss o n  V,  M u n g all  AJ,  N e wt o n
Y,  H e g d e  A M,  A r m e ni a J, S á n c h e z- V e g a F,  Pl ut a J,  P yl e L C,  M e h r a  R,  R e ut e r  V E,  G o d o y  G,
J o n es J, S h ell e y  C S, F el d m a n  D R,  Vi d al  D O, L ess el  D,  K ulis  T,  C á r c a n o F M, L e r a as  K M,
Li c ht e n b e r g  T M,  B r o o ks  D,  C h e r ni a c k  A D,  C h o J,  H ei m a n  DI,  K as ai a n  K, Li u  M,  N o bl e  M S,
Xi L,  Z h a n g  H,  Z h o u  W,  Z e n Kl us e n J C,  H utt e r  C M, F el a u I,  Z h a n g J, S c h ult z  N,  G et z  G,
M e y e rs o n  M, St u a rt J M,  A k b a ni  R,  W h e el e r  D A, L ai r d  P W,  N at h a ns o n  K L,  C o rt essis  V K,
H o a dl e y  K A,  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 8. I nt e gr at e d  m ol e c ul ar
c h ar a ct eri z ati o n of t esti c ul ar g er m c ell t u m ors. C ell  R e p orts 2 3( 1 1) : 3 3 9 2– 3 4 0 6.
S h e n  R,  M o  Q, S c h ult z  N, S es h a n  V E,  Ols h e n  A B,  H us e J, L a d a n yi  M, S a n d e r  C. 2 0 1 2.
I nt e gr ati v e s u bt y p e dis c o v er y i n gli o bl ast o m a usi n g i cl ust er. P L O S  O N E 7( 4) : e 3 5 2 3 6.
S h e n  R,  Ols h e n  A B, L a d a n yi  M. 2 0 0 9. I nt e gr ati v e cl ust eri n g of  m ulti pl e g e n o mi c d at a t y p es usi n g
a j oi nt l at e nt v ari a bl e  m o d el  wit h a p pli c ati o n t o br e ast a n d l u n g c a n c er s u bt y p e a n al ysis.
Bi oi nf or m atics 2 5( 2 2) : 2 9 0 6– 2 9 1 2 D OI 1 0. 1 0 9 3/ bi oi nf or m ati cs/ bt p 5 4 3 .
S h e r af ati a n  M. 2 0 1 8. Tr e e- b as e d  m a c hi n e l e ar ni n g al g orit h ms i d e nti fi e d  mi ni m al s et of  mir n a
bi o m ar k ers f or br e ast c a n c er di a g n osis a n d  m ol e c ul ar s u bt y pi n g. G e n e 6 7 7( 2) : 1 1 1– 1 1 8
D OI 1 0. 1 0 1 6/j. g e n e. 2 0 1 8. 0 7. 0 5 7 .
S ri v ast a v a S,  W a n g  W,  M a n y a m  G. 2 0 1 3. et al.I nt e gr ati n g  m ulti- pl atf or m g e n o mi c d at a usi n g
hi er ar c hi c al b a y esi a n r el e v a n c e v e ct or  m a c hi n es. E U R A SI P J o ur n al o n Bi oi nf or m atics a n d
S yst e ms Bi ol o g y 2 0 1 3( 1) : 9 D OI 1 0. 1 1 8 6/ 1 6 8 7- 4 1 5 3- 2 0 1 3- 9 .
St e p h e n  R P, L e wis J F. 2 0 1 3. Cli ni c al a n d  m ol e c ul ar  m o d els of gli o bl ast o m a  m ultif or m e s ur vi v al.
I nt er n ati o n al J o ur n al of  D at a  Mi ni n g a n d Bi oi nf or m atics 7( 3) : 2 4 5– 2 6 5
D OI 1 0. 1 5 0 4/IJ D M B. 2 0 1 3. 0 5 3 3 1 0 .
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 4 2/ 4 7
S u n  D,  C h e n J, Li u L,  Z h a o  G,  D o n g  P,  W u  B,  W a n g J,  D o n g L. 2 0 1 8 a. Est a blis h m e nt of a
1 2- g e n e e x pr essi o n si g n at ur e t o pr e di ct c ol o n c a n c er pr o g n osis. P e erJ 6 : e 4 9 4 2.
S u n  R, Li m ki n EJ,  V a k al o p o ul o u  M,  D e r cl e L,  C h a m pi at S,  H a n S R,  V e rli n g u e Lï c,  B r a n d a o  D,
L a n ci a  A,  A m m a ri S,  H oll e b e c q u e  A, S c o a z e c J- Y,  M a r a b ell e  A,  M ass a r d  C, S o ri a J- C,  R o b e rt
C,  P a r a gi os  N,  D e uts c h E, F e rt é  C. 2 0 1 8 b. A r a di o mi cs a p pr o a c h t o ass ess t u m o ur-i n fi ltr ati n g
c d 8 c ells a n d r es p o ns e t o a nti- p d- 1 or a nti- p d-l 1 i m m u n ot h er a p y: a n i m a gi n g bi o m ar k er,
r etr os p e cti v e  m ulti c o h ort st u d y. T h e L a nc et  O nc ol o g y 1 9( 9) : 1 1 8 0– 1 1 9 1
D OI 1 0. 1 0 1 6/ S 1 4 7 0- 2 0 4 5( 1 8) 3 0 4 1 3- 3 .
S utt o n EJ,  H u a n g E P,  D r u k k e r  K,  B u r nsi d e E S, Li  H,  N et J M,  R a o  A,  W hit m a n  GJ,  Z ul e y  M,
G a n ott  M,  B o n a c ci o E,  Gi g e r  M L,  M o r ris E A,  O n b e h alf of t h e  T C G A g r o u p. 2 0 1 7. Br e ast  mri
r a di o mi cs: c o m p aris o n of c o m p ut er- a n d h u m a n- e xtr a ct e d i m a gi n g p h e n ot y p es. E ur o p e a n
R a di ol o g y E x p eri m e nt al 1( 1) : 2 2 D OI 1 0. 1 1 8 6/s 4 1 7 4 7- 0 1 7- 0 0 2 5- 2 .
T a yl o r  A M, S hi h J,  H a  G,  G a o  G F,  Z h a n g  X,  B e r g e r  A C, S c h u m a c h e r S E,  W a n g  C,  H u  H, Li u J,
L a z a r  AJ,  C h e r ni a c k  A D,  B e r o u k hi m  R,  M e y e rs o n  M,  C a es a r-J o h ns o n SJ,  D e m c h o k J A,
F el a u I,  K as a pi  M, F e r g us o n  M L,  H utt e r  C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,  Y a n g L,
Z e n kl us e n J C,  Z h a n g J,  C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u  Y,
C h o J,  D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,  G et z  G,  H ei m a n  DI,  Ki m J, L a w r e n c e  M S, Li n  P,
M ei e r S,  N o bl e  M S, S a ks e n a  G,  V o et  D,  Z h a n g  H,  B e r n a r d  B,  C h a m b w e  N,  D h a n k a ni  V,
K nij n e n b u r g  T,  K r a m e r  R, L ei n o n e n  K, Li u  Y,  Mill e r  M,  R e y n ol ds S, S h m ul e vi c h I,  T h o rss o n
V,  Z h a n g  W,  A k b a ni  R,  B r o o m  B M,  H e g d e  A M, J u  Z,  K a n c hi  R S,  K o r k ut  A, Li J, Li a n g  H,
Li n g S, Li u  W, L u  Y,  Mills  G B,  N g  K- S,  R a o  A,  R y a n  M,  W a n g J,  W ei nst ei n J N,  Z h a n g J,
A b es h o us e  A,  A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a  W K, d e  B r uij n I,  G a o J,  G r oss  B E,  H ei ns
ZJ,  K u n d r a  R, L a  K, L a d a n yi  M, L u n a  A,  Niss a n  M G,  O c h o a  A,  P hilli ps S M,  R e z ni k E,
S a n c h e z- V e g a F, S a n d e r  C, S c h ult z  N, S h e ri d a n  R, S u m e r S O, S u n  Y,  T a yl o r  B S,  W a n g J,
Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,  B e n z  C, St u a rt J M,  W o n g  C K,  Y a u  C,  H a y es  D N,
P a r k e r J S,  Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,  B o wl b y  R,  B r o o ks  D,  C a rls e n  R,  C h u a h
E,  D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,  M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,
M u n g all  AJ,  M u n g all  K,  R o b e rts o n  A G, S a d e g hi S, S c h ei n J E, Si p a hi m al a ni  P,  T a m  A,
T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,  B e r o u k hi m  R,  C h e r ni a c k  A D,  Ci b uls kis  C,  G a b ri el
S B,  G a o  G F,  H a  G,  M e y e rs o n  M, S c h u m a c h e r S E, S hi h J,  K u c h e rl a p ati  M H,  K u c h e rl a p ati  R S,
B a yli n S,  C o p e L,  D a nil o v a L,  B o ot w all a  M S, L ai  P H,  M a gli nt e  D T,  V a n  D e n  B e r g  DJ,
W eis e n b e r g e r  DJ,  A u m a n J T,  B al u S,  B o d e n h ei m e r  T, F a n  C,  H o a dl e y  K A,  H o yl e  A P,
J eff e r ys S R, J o n es  C D,  M e n g S,  Mi e c z k o ws ki  P A,  M os e L E,  P e r o u  A H,  P e r o u  C M,  R o a c h J,
S hi  Y, Si m o ns J V, S k ell y  T, S ol o w a y  M G,  T a n  D,  V el u v ol u  U, F a n  H,  Hi n o u e  T, L ai r d  P W,
S h e n  H,  Z h o u  W,  B ell ai r  M,  C h a n g  K,  C o vi n gt o n  K,  C r ei g ht o n  CJ,  Di n h  H,  D o d d a p a n e ni
H V,  D o n e h o w e r L A,  D r u m m o n d J,  Gi b bs  R A,  Gl e n n  R,  H al e  W,  H a n  Y,  H u J,  K o r c hi n a  V,
L e e S, L e wis L, Li  W, et al. 2 0 1 8. G e n o mi c a n d f u n cti o n al a p pr o a c h es t o u n d erst a n di n g c a n c er
a n e u pl oi d y. C a nc er c ell 3 3( 4) : 6 7 6– 6 8 9.
T h e  C a n c e r  G e n o m e  Atl as  N et w o r k. 2 0 1 2 a. C o m pr e h e nsi v e  m ol e c ul ar c h ar a ct eri z ati o n of h u m a n
c ol o n a n d r e ct al c a n c er. N at ur e 4 8 7( 7 4 0 7) : 3 3 0– 3 3 7 D OI 1 0. 1 0 3 8/ n at ur e 1 1 2 5 2 .
T h e  C a n c e r  G e n o m e  Atl as  N et w o r k. 2 0 1 2 b. C o m pr e h e nsi v e  m ol e c ul ar p ortr aits of h u m a n br e ast
t u m o urs. N at ur e 4 9 0( 7 4 1 8) : 6 1– 7 0 D OI 1 0. 1 0 3 8/ n at ur e 1 1 4 1 2 .
T h e  C a n c e r  G e n o m e  Atl as  N et w o r k. 2 0 1 5. C o m pr e h e nsi v e g e n o mi c c h ar a ct eri z ati o n of h e a d a n d
n e c k s q u a m o us c ell c ar ci n o m as. N at ur e 5 1 7( 7 5 3 6) : 5 7 6– 5 8 2 D OI 1 0. 1 0 3 8/ n at ur e 1 4 1 2 9 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 3. G e n o mi c a n d e pi g e n o mi c l a n ds c a p es of
a d ult d e n o v o a c ut e  m y el oi d l e u k e mi a. N e w E n gl a n d J o ur n al of  M e dici n e 3 6 8( 2 2) : 2 0 5 9– 2 0 7 4
D OI 1 0. 1 0 5 6/ N EJ M o a 1 3 0 1 6 8 9 .
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 4 3/ 4 7
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 5. C o m pr e h e nsi v e, i nt e gr ati v e g e n o mi c a n al ysis
of diff us e l o w er- gr a d e gli o m as. N e w E n gl a n d J o ur n al of  M e dici n e 3 7 2( 2 6) : 2 4 8 1– 2 4 9 8
D OI 1 0. 1 0 5 6/ N EJ M o a 1 4 0 2 1 2 1 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 6. C o m pr e h e nsi v e  m ol e c ul ar c h ar a ct eri z ati o n
of p a pill ar y r e n al- c ell c ar ci n o m a. N e w E n gl a n d J o ur n al of  M e dici n e 3 7 4( 2) : 1 3 5– 1 4 5
D OI 1 0. 1 0 5 6/ N EJ M o a 1 5 0 5 9 1 7 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 0 8. C o m pr e h e nsi v e g e n o mi c c h ar a ct eri z ati o n
d e fi n es h u m a n gli o bl ast o m a g e n es a n d c or e p at h w a ys. N at ur e 4 5 5( 7 2 1 6) : 1 0 6 1– 1 0 6 8
D OI 1 0. 1 0 3 8/ n at ur e 0 7 3 8 5 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 1. I nt e gr at e d g e n o mi c a n al ys es of o v ari a n
c ar ci n o m a. N at ur e 4 7 4( 7 3 5 3) : 6 0 9– 6 1 5 D OI 1 0. 1 0 3 8/ n at ur e 1 0 1 6 6 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 2 c. C o m pr e h e nsi v e g e n o mi c c h ar a ct eri z ati o n
of s q u a m o us c ell l u n g c a n c ers. N at ur e 4 8 9( 7 4 1 7) : 5 1 9– 5 2 5 D OI 1 0. 1 0 3 8/ n at ur e 1 1 4 0 4 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 3. C o m pr e h e nsi v e  m ol e c ul ar c h ar a ct eri z ati o n
of cl e ar c ell r e n al c ell c ar ci n o m a. N at ur e 4 9 9( 7 4 5 6) : 4 3– 4 9 D OI 1 0. 1 0 3 8/ n at ur e 1 2 2 2 2 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 4 a. C o m pr e h e nsi v e  m ol e c ul ar c h ar a ct eri z ati o n
of g astri c a d e n o c ar ci n o m a. N at ur e 5 1 3( 7 5 1 7) : 2 0 2– 2 0 9 D OI 1 0. 1 0 3 8/ n at ur e 1 3 4 8 0 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 4 b. C o m pr e h e nsi v e  m ol e c ul ar c h ar a ct eri z ati o n
of ur ot h eli al bl a d d er c ar ci n o m a. N at ur e 5 0 7( 7 4 9 2) : 3 1 5– 3 2 2 D OI 1 0. 1 0 3 8/ n at ur e 1 2 9 6 5 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 4 c. C o m pr e h e nsi v e  m ol e c ul ar pr o fi li n g of l u n g
a d e n o c ar ci n o m a. N at ur e 5 1 1( 7 5 1 1) : 5 4 3– 5 5 0 D OI 1 0. 1 0 3 8/ n at ur e 1 3 3 8 5 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 7 a. C o m pr e h e nsi v e a n d i nt e gr at e d g e n o mi c
c h ar a ct eri z ati o n of a d ult s oft tiss u e s ar c o m as. C ell 1 7 1( 4) : 9 5 0– 9 6 5. e 2 8
D OI 1 0. 1 0 1 6/j. c ell. 2 0 1 7. 1 0. 0 1 4 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 7 b. I nt e gr at e d g e n o mi c a n d  m ol e c ul ar
c h ar a ct eri z ati o n of c er vi c al c a n c er. N at ur e 5 4 3( 7 6 4 5) : 3 7 8– 3 8 4 D OI 1 0. 1 0 3 8/ n at ur e 2 1 3 8 6 .
T h e  C a n c e r  G e n o m e  Atl as  R es e a r c h  N et w o r k. 2 0 1 7 c. I nt e gr at e d g e n o mi c c h ar a ct eri z ati o n of
o es o p h a g e al c ar ci n o m a. N at ur e 5 4 1( 7 6 3 6) : 1 6 9– 1 7 5 D OI 1 0. 1 0 3 8/ n at ur e 2 0 8 0 5 .
T h o rss o n  V,  Gi b bs  D L,  B r o w n S D,  W olf  D,  B o rt o n e  D S,  Y a n g  T- H O,  P o rt a- P a r d o E,  G a o  G F,
Pl aisi e r  C L, E d d y J A,  Zi v E,  C ul h a n e  A C,  P a ull E O, Si v a k u m a r I K A,  G e ntl es  AJ,  M al h ot r a  R,
F a rs hi df a r F,  C ol a p ri c o  A,  P a r k e r J S,  M os e L E,  V o  N S, Li u J, Li u  Y,  R a d e r J,  D h a n k a ni  V,
R e y n ol ds S M,  B o wl b y  R,  C alif a n o  A,  C h e r ni a c k  A D,  A n ast assi o u  D,  B e d o g n etti  D,  M o k r a b
Y,  N e w m a n  A M,  R a o  A,  C h e n  K,  K r as nit z  A,  H u  H,  M alt a  T M,  N o us h m e h r  H,  P e d a m all u
C S,  B ull m a n S,  Oj esi n a  AI, L a m b  A,  Z h o u  W, S h e n  H,  C h o u ei ri  T K,  W ei nst ei n J N,  G ui n n e y
J, S alt z J,  H olt  R A,  R a b ki n  C S, L a z a r  AJ, S e r o d y J S,  D e mi c c o E G,  Disis  M L,  Vi n c e nt  B G,
S h m ul e vi c h I,  C a es a r-J o h ns o n SJ,  D e m c h o k J A, F el a u I,  K as a pi  M, F e r g us o n  M L,  H utt e r
C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,  Y a n g L,  Z e n kl us e n J C,  Z h a n g J,  C h u d a m a ni S, Li u J,
L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u  Y,  C h o J,  D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,
G et z  G,  H ei m a n  DI,  Ki m J, L a w r e n c e  M S, Li n  P,  M ei e r S,  N o bl e  M S, S a ks e n a  G,  V o et  D,
Z h a n g  H,  B e r n a r d  B,  C h a m b w e  N,  D h a n k a ni  V,  K nij n e n b u r g  T,  K r a m e r  R, L ei n o n e n  K, Li u
Y,  Mill e r  M,  R e y n ol ds S, S h m ul e vi c h I,  T h o rss o n  V,  Z h a n g  W,  A k b a ni  R,  B r o o m  B M,  H e g d e
A M, J u  Z,  K a n c hi  R S,  K o r k ut  A, Li J, Li a n g  H, Li n g S, Li u  W, L u  Y,  Mills  G B,  N g  K- S,  R a o  A,
R y a n  M,  W a n g J,  W ei nst ei n J N,  Z h a n g J,  A b es h o us e  A,  A r m e ni a J,  C h a k r a v a rt y  D,  C h atil a
W K, d e  B r uij n I,  G a o J,  G r oss  B E,  H ei ns  ZJ,  K u n d r a  R, L a  K, L a d a n yi  M, L u n a  A,  Niss a n
M G,  O c h o a  A,  P hilli ps S M,  R e z ni k E, S a n c h e z- V e g a F, S a n d e r  C, S c h ult z  N, S h e ri d a n  R,
S u m e r S O, S u n  Y,  T a yl o r  B S,  W a n g J,  Z h a n g  H,  A n u r  P,  P et o  M, S p ell m a n  P,  B e n z  C, St u a rt
J M,  W o n g  C K,  Y a u  C,  H a y es  D N,  P a r k e r J S,  Wil k e rs o n  M D,  All y  A,  B al as u n d a r a m  M,
Li ñ ar e s- Bl a n c o et al. ( 2 0 2 1), P e er J  C o m p ut.  S ci. ,  D OI 1 0. 7 7 1 7/ p e erj- c s. 5 8 4 4 4/ 4 7
B o wl b y  R,  B r o o ks  D,  C a rls e n  R,  C h u a h E,  D h all a  N,  H olt  R, J o n es SJ M,  K as ai a n  K, L e e  D,
M a  Y,  M a r r a  M A,  M a y o  M,  M o o r e  R A,  M u n g all  AJ,  M u n g all  K,  R o b e rts o n  A G, S a d e g hi S,
S c h ei n J E, Si p a hi m al a ni  P,  T a m  A,  T hi ess e n  N,  Ts e  K,  W o n g  T,  B e r g e r  A C,  B e r o u k hi m  R,
C h e r ni a c k  A D,  Ci b uls kis  C,  G a b ri el S B,  G a o  G F,  H a  G,  M e y e rs o n  M, S c h u m a c h e r S E, S hi h J,
K u c h e rl a p ati  M H,  K u c h e rl a p ati  R S,  B a yli n S,  C o p e L,  D a nil o v a L,  B o ot w all a  M S, L ai  P H,
M a gli nt e  D T, L ai r d  P W, S h e n  H, et al. 2 0 1 8. T h e i m m u n e l a n ds c a p e of c a n c er. I m m u nit y
4 8( 4) : 8 1 2– 8 3 0.
V e r h a a k  R G W,  H o a dl e y  K A,  P u r d o m E,  W a n g  V,  Qi  Y,  Wil k e rs o n  M D,  Mill e r  C R,  Di n g L,
G ol u b  T,  M esi r o v J P,  Al e x e  G, L a w r e n c e  M,  O ’K ell y  M,  T a m a y o  P,  W ei r  B A,  G a b ri el S,
Wi n c kl e r  W,  G u pt a S, J a k k ul a L, F eil e r  H S,  H o d gs o n J G, J a m es  C D, S a r k a ri a J N,  B r e n n a n  C,
K a h n  A, S p ell m a n  P T,  Wils o n  R K, S p e e d  T P,  G r a y J W,  M e y e rs o n  M,  G et z  G,  P e r o u  C M,
H a y es  D N. 2 0 1 0. I nt e gr at e d g e n o mi c a n al ysis i d e ntifi es cli ni c all y r el e v a nt s u bt y p es of
gli o bl ast o m a c h ar a ct eri z e d b y a b n or m aliti es i n p d gfr a, i d h 1, e gfr, a n d nf 1. C a nc er  C ell
1 7( 1) : 9 8– 1 1 0 D OI 1 0. 1 0 1 6/j. c cr. 2 0 0 9. 1 2. 0 2 0 .
V u r al S,  W a n g  X,  G u d a  C. 2 0 1 6. Cl assi fi c ati o n of br e ast c a n c er p ati e nts usi n g s o m ati c  m ut ati o n
pr o fi l es a n d  m a c hi n e l e ar ni n g a p pr o a c h es. B M C S yst e ms Bi ol o g y 1 0( 3) : 6 2
D OI 1 0. 1 1 8 6/s 1 2 9 1 8- 0 1 6- 0 3 0 6- z .
W a n g  C, Li a n g  C. 2 0 1 8. Msi pr e d: a p yt h o n p a c k a g e f or t u m or  mi cr os at ellit e i nst a bilit y
cl assi fi c ati o n fr o m t u m or  m ut ati o n a n n ot ati o n d at a usi n g a s u p p ort v e ct or  m a c hi n e. Sci e nti fi c
R e p orts 8( 1) : 1 7 5 4 6 D OI 1 0. 1 0 3 8/s 4 1 5 9 8- 0 1 8- 3 5 6 8 2- z .
W a n g  X,  H a n L,  Z h o u L,  W a n g L,  Z h a n g L- M. 2 0 1 8. Pr e di cti o n of c a n di d at e r n a si g n at ur es f or
r e c urr e nt o v ari a n c a n c er pr o g n osis b y t h e c o nstr u cti o n of a n i nt e gr at e d c o m p eti n g e n d o g e n o us
r n a n et w or k. O nc ol o g y  R e p orts 4 0( 5) : 2 6 5 9– 2 6 7 3 D OI 1 0. 3 8 9 2/ or. 2 0 1 8. 6 7 0 7 .
W a y  G P, S a n c h e z- V e g a F, L a  K,  A r m e ni a J,  C h atil a  W K, L u n a  A, S a n d e r  C,  C h e r ni a c k  A D,
Mi n a  M,  Ci ri ell o  G, S c h ult z  N, S a n c h e z  Y,  G r e e n e  C S,  C a es a r-J o h ns o n SJ,  D e m c h o k J A,
F el a u I,  K as a pi  M, F e r g us o n  M L,  H utt e r  C M, S o fi a  HJ,  T a r n u z z e r  R,  W a n g  Z,  Y a n g L,
Z e n kl us e n J C,  Z h a n g J,  C h u d a m a ni S, Li u J, L oll a L,  N a r es h  R,  Pi hl  T, S u n  Q,  W a n  Y,  W u  Y,
C h o J,  D e F r eit as  T, F r a z e r S,  G e hl e n b o r g  N,  G et z  G,  H ei m a n  DI,  Ki m J, L a w r e n c e  M S, Li n  P,
M ei e r S,  N o bl e  M S, S a ks e n a  G,  V o et  D,  Z h a n g  H,  B e r n a r d  B,  C h a m b w e  N,  D h a n k a ni  V,
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